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INTRODUCTION

Many EPA programs, including those under the Resource Conservation and Recovery Act (RCRA)
and the Comprehensive Response, Compensation, and Liability Act (CERCLA), require subsurface
characterization and monitoring to detect ground-water contamination and provide data to develop plans to
prevent new contamination and remediate existing contamination. Hundreds of specific methods and techniques
exist for characterizing, sampling, and monitoring the saturated and unsaturated zones at contaminated sites.
Existing field methods are often refined and new methods are continually being developed. This guide is
designed to serve as a single, comprehensive source of information on existing and developing field methods as
of early 1993. Appendix C provides some suggestions on the best places to obtain information on new
developments that occur after this guide is completed. ‘

USE OF THIS GUIDE

As the title "Desk Reference Guide" implies, this is not a how-to handbook for the field. Instead, the
guide provides, in a single document, enough information about specific techniques to make some judgements
concerning their potential suitability for a specific site and also gives information on where to go to find more
detailed guidance on how to use the technique. This guide can be used in two major ways:

1. Development of Site Characterization and Monitoring Plans. Each subsection listed in the table of
contents represents a one-to-two page summary of a specific technique or several related techniques.
A table at the beginning of each of the 10 major sections (summarized below), provides general
comparative information on all methods covered in the sections, and cross-references relevant methods
covered in other parts of the guide. In the summary tables, boldfacing is used to identify those
techniques that are most commonly used. These tables might also be helpful in identifying new, or less
common methods that might be of value for specific objectives or site conditions. Within a grouping
of method summary sheets, techniques are listed in approximate order of frequency of use.

2. Overview of Specific Methods. Individuals who are unfamiliar with specific methods that are being used
or proposed to be used at a hazardous waste site can find a concise description of the method, its
applications, major advantages and disadvantages in its use, and major reference sources where more
detailed information can be found about the method. To locate information on a specific method, the
table of contents should be used to identify the section in which the method islocated. If the term used
to describe the method is not included in the table of contents, go to the summary table at the
beginning of the appropriate section of the guide. If the summary table does not use the term, peruse
the listing of alternative names for techniques in the individual summary sheets. For example, the
hydraulic percussion drilling method is not listed in the table of contents, but appears in summary
Table 2-1. The hollow-rod method, is listed in neither the table of contents or the summary, and
requires looking through the individual summary sheets in Section 2.1 (Drilling Methods), until Section
2.1.6 isreached, which identifies the hollow-rod method as an alternative term for hydraulic percussion.

GUIDE ORGANIZATION AND FORMAT

Site characterization, monitoring, and field screening are related activities for which there might not
be a clear dividing line. Generally, site characterization methods involve one-time field point measurements and
sampling (or continuous measurements in the case of some geophysical methods) of physical and chemical
properties of the subsurface, or multiple measurements to characterize seasonal variations at the site. Menitoring
methods, on the other hand, involve sampling or measurements at a single point or the same area over time.
Many methods can be used for both site characterization and monitoring, and site characterization activities can
continue after monitoring begins to further refine subsurface interpretations. Field sereening is a form of site
characterization that involves the use of rapid, relatively low-cost field methods (typically chemical) in the field
during site characterization to assist in the selection of locations for permanent monitoring well installations or
for guiding remediation activities. Field analytical methods are distinguished from field screening methods by
having a higher degree of precision and accuracy than field screening methods. This distinction in discussed
further in the introduction to Section 10.




This guide includes two volumes. The first volume covers solids and ground water and the second
volume covers the vadose zone. The site characterization, monitoring, and field screening methods covered in
the guide are divided into 10 major sections, which are described below. Because site characterization generally
precedes monitoring, earlier sections of the guide tend to cover site characterization methods, while later sections
cover monitoring. Finally, field screening and analytical methods are covered in Section 10. .

Section 1 (Remote Sensing and Surface Geophysical Methods) covers more than 30 airborne and
surface geophysical methods that are often valuable during the initial phases of site characterization.
These methods can provide preliminary information on the subsurface to provide guidance on
placement of boreholes for direct observation of the subsurface and installation of permanent
monitoring wells. A number of these methods can also be useful for monitoring the. movement of
contaminant plumes,

Section 2 (Drilling and Solids Sampling Methods) covers 20 drilling methods, and a variety of power-
driven and hand-held devices for sampling soils and geologic materials. The section also briefly
identifies important soil physical properties that are described in the field.

Section 3 (Geophysical Logging of Boreholes) covers more than 40 borehole logging and sensing
techniques for the physical and chemical characterization of the subsurface.

Section 4 (Aquifer Test Methods) covers 10 methods for measuring ground-water well levels or
pressure, pumping and slug tests, six categories of ground-water tracers, and several other techniques
for measurement of aquifer properties that might be needed for modeling ground-water flow and
contaminant transport. . ‘

Section § (Ground-Water Sampling Devices and Installations) covers more than 20 types of portable
ground-water sampling devices and different types of permanent well installations for portable sampling
devices. Appendix A (Design and Installation of Monitoring Wells) provides more detailed information
on such installations. Section 5 also includes various types of portable and fixed in situ sampling devices
and installations. General ground-water sampling methods are covered in Appendix B.

Section 6 (Vadose Zone Hydrologic Properties (I): Water State) covers over 20 methods for measuring
-vadose zone soil water potential, moisture content, and other soil hydrologic characteristics.

Section 7 (Vadose Zone Hydrologic Properties (II): Infiltration, Conductivity, and Flux) covers four
approaches to measuring or estimating infiltration and approximately 30 methods for measuring
unsaturated and saturated hydraulic conductivity and water flux in the vadose zone.

Section 8 (Vadose Zone Water Budget Characterization Methods) covers a large number of methods
for obtaining data that might be required for water budget calculations to assess contaminant transport
in the vadose zone. This includes 37 methods for obtaining various types of hydrometeorologic data,
and 16 methods for measuring or estimating transpiration or evapotranspiration. '

Section 9 (Vadose Zone Soil-Solute/Gas Sampling and Monitoring Methods) covers six indirect methods
for monitoring soil solute movement, more than 20 methods for direct sampling of soil solutions, and
a variety of methods for soil gas sampling and gaseous phase characterization in the vadose zone. The
- section also summarizes a number of methods to measure or estimate soil solute and ‘gas flux in the
vadose zone. .

Section 10 (Field Screening and Analytical Methods) covers a large number of techniques and. groups
of techniques for field screening and analysis: Chemical field measurement (three summary sheets),
sample extraction procedures (five summary sheets), gaseous phase analytical techniques (five summary -
sheets), luminescence/spectroscopic techniques (four summary sheets); wet chemistry methods (four
summary sheets), and other techniques (five summary sheets).




More than 280 specific field methods are covered in this guide. The large number of methods precludes
detailed coverage of any single method, which is often available from other sources. Instead, each method has
a single-page summary in a uniform format that includes:

General method category title.

Method title.

Other names used to describe method.

Uses at contaminated sites.

Method/procedure/device description.

Method selection considerations.

Frequency of use. ‘
Standard Methods/Guidelines (ASTM or other sources that give detailed instruction for use of the
specific method). . » ‘
Sources for additional information (which provides comparative information where other methods for
similar applications are available).

P
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The frequency of use ratings are very approximate, and actual usage might vary from region to region. Similarly,
the summary tables at the beginning of each section should not be relied upon as definitive. Specific
instrumentation or variants of techniques covered in this guide might have different characteristics than indicated
in the summary tables. A specific method that has been rarely used might be suited for certain site-specific
conditions. Conversely, site-specific conditions might make a widely-used technique a poor method of choice.
When in doubt, obtaining the opinion of more than one person familiar with a particular technique is advisable.

Wherever possible, one or more figures or tables that illustrate instruments or how a method is used
are included with summary sheets. These figures and tables have the same number as the section to which they
are related (i.e., Figure 1.1.1 and Table 1.1.1 are located after Section 1.1.1 on visible and near infrared remote
sensing). Each major section has a brief introduction that defines major concepts and provides an overview of
methods covered in the section. Summary tables and figures at the beginning of each section, and index
reference tables near the end of a section are numbered in sequence (i.e., Tables 1-1 to 1-3 provide summary
information on remote sensing and geophysical methods, and Tables 1-4 and 1-5 provide an index to references
contained at the end of the section).

SOURCES OF ADDITIONAL INFORMATION

As indicated above, two types of references are given for each method. First, if ASTM, EPA, or other
standard methods, protocols, or guidelines related to the method have been promulgated, or are being developed,
these are identified. Otherwise, references that give detailed instructions on how to use the method are cited,
if available.

~ Secondly, major references that provide information on the use of the method in the context of ground-
water and hazardous waste site investigations are listed. All references are in a single section. EPA documents
are indicated (with EPA and NTIS numbers). Appendix C (Guide to Major References on Subsurface
Characterization and Monitoring) provides annotated descriptions of more than 70 major books and reports and
over 80 published conference and symposium proceedings that can serve as information sources for general and
specific aspects of soil quality and ground-water field screening, characterization, and monitoring.

The following EPA documents are recommended for use as companions to this guide (all of which are
available for no cost from U.S. EPA’s Center for Environmental Research Information (see Appendix C for
ordering address): Ground-Water Handbook, Volume 1: Ground Water and Contamination; Volume 2:
Methodology (U.S. EPA, 1990 and 1991a), Site Characterization for Subsurface Remediation (U.S.EPA, 1991b),

Handbook of Suggested Practices for the Design and Installation of Ground-Water Monitoring Wells (Aller et

al,, 1991), Description and Sampling of Contaminated Soils: A Field Pocket Guide (Boulding, 1991), and Use
of Airborne, Surface, and Borehole Geophysical Techniques at Contaminated Sites: A Reference Guide (U.s.
EPA, 1993). Other EPA documents that are available from NTIS and commercially published references that
can be of potential value are too numerous to be named individually here. Appendix B should provide guidance
conceming other publications that might be worth obtaining.
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SECTION 1

REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS

Basic Concepts and Terminology

Geophysical techniques measure physical and chemical properties of soils, rock, and ground water by
their response to either: (1) Various parts of the electromagnetic spectrum (EM), including gamma rays, visible
light, radar, microwave, and radio waves (see Figure 1-1), (2) acoustic and/or seismic energy, or (3) other
potential fields, such as gravity and the earth’s magnetic field. Figure 1-2 shows typical ranges for parameters
of various earth materials that can be measured by geophysical methods.

Most portions of the electromagnetic spectrum are used by one or more specific geophysical methods
(Figure 1-1). In common usage, however the term electromagnetic is restricted to techniques that measure
subsurface conductivities by low-frequency electromagnetic induction techmiques (Benson et al, 1984).
Radioactive or radiation methods refer to sensing involving the shortest wavelengths (x-rays and gamma rays).
Terminology for methods using the radar and microwave portions of the EM spectrum varies considerably.

In the broadest sense most geophysical techniques involve remote sensing, the observation of an object
or phenomenon without the sensor being in direct contact with the object being sensed. In common usage,
however, the term remote sensing is often restricted to the use of airborne sensing methods in the visible and
near-visible portions of the spectrum (see Figure 1-1). Nondestructive testing (NDT) is a term usually applied
to laboratory test methods, but has also been used to describe geophysical methods in the context of detecting
contained subsurface hazardous waste (Lord and Koerner, 1987). In this section the term surface geophysics
is used broadly to include techniques used at or near land and water sutfaces. '

Overview of Techniques

Table 1-1 provides summary information on over 30 remote sensing and surface geophysical methods
and identifies where additional information can be found about specific methods in this handbook (several
specific applications are covered in other sections of this handbook). This table provides general ratings
concerning the potential applicability of individual techniques for characterization of (1) soils and geology, (2)
conductive leachate plumes, (3) detection of buried wastes, and (4) detection of nonaqueous phase liquids
(NAPLs). Table 1-1 also provides comparative information on cost and depth of penetration of each technique.
Table 3-1 in Section 3 summarizes information on more than 30 borehole geophysical techniques.

A half dozen of the surface geophysical methods in Table 1-1 are routinely used at contaminated sites:
(1) Ground penetrating radar, (2) electromagnetic induction, (3) electrical resistivity, (4) seismic refraction, (5)
metal detection, and (6) magnetometry. Table 1-2 provides more detailed ratings of typical applications for these
six methods. )

Selection of Remote Sensing and Surface Geophysical Techniques

Surface geophysical techniques are most commonly used early in site investigations for preliminary
characterization of the geologic and hydrogeologic setting and contaminant plumes. This information serves as
a valuable guide for placement of permanent monitoring wells for ground-water sampling and monitoring. The
first four major surface geophysical methods identified above are likely candidates for almost any site (ground
penetrating radar will not work where conductivity is high near the surface); metal detection and magnetometry
are used whenever the presence of buried drums is suspected and to avoid buried pipelines or tanks when
drilling. The Geophysical Advisor Expert System (Olhoeft, 1992) might be useful in determining which of these
techniques (plus gravity and radiometric methods) are best suited for specific site and contaminant conditions.

The most basic requirement for successful use of surface geophysibal methods is to select the method
that is best at detecting the physical property contrasts of the target (i.e., buried waste, soil bedrock contact,
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Figure 1-1 The Electromagnetic spectrum: (a) Customary divisions and portions used for geophysical measurements;
(b) factors and phenomena influencing the radiation of electromagnetic waves (adapted from Erdélyi and
Galfi, 1988).
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: o
Table 1-1 Summary Information on Remote Sensing and Surface Geophysical Methods (all ratings are approximate and for general guidance :
only) o |

|

Technique Soils/ Leachate Buried NAPLs Penetration Cost® Section/Tables ‘
: Geology © Wastes Depth (m)* :

Airborne Remote Sensing and Geophysics

Visible Photography + yes yes® possibly? yes® Surf. only L 11116 L.11 !
Infrared Photography + yes yes® possibly* yes® Surf. only L-M 1.1.1/Tb 1.1.1 !
Multispectral Imaging yes yes® no yes® Surf. only L 11.1/Tb 1.1.1 i
Ultraviolet Photography yes yes® no yes® Surf. only L 1.1.2/Tb 1.1.1 |
Thermal Infrared Scanning yes yes (T) possibly’  possibly Surf. only M 1.1.3 L
Active Microwave (Radar) + yes possibly no possibly 0.1-2 M 114 {
Airborne Electromagnetics yes yes (C) yes possibly 0-100 M 1.1.5 {
Acromagnetics yes no yes no 10s-100s M 1.1.6 ;
Surface Electrical and Electromagnetic Methods ;
|
Self Potential yes yes (C) yes no S 10s - L 121 i
Electrical Resistivity + yes yes (C) yes (M) possibly S 60 (km) L-M 1.2.2,9.1.1/Tbs 1-2, i
13,121
Induced Polarization yes yes (C) yes possibly Skm L-M 123
Complex Resistivity yes yes (C) yes yes Skm - MH 123 v
Dielectric Sensors yes yes (C) no possibly S2° : LM 6.2.3/Tb 6-1 ¥
Time Domain Reflectometry yes yes (C) no yes s2° M-H 6.2.4/Tb 6-1 i
Electromagnetic Induction + yes yes () yes possibly S 60(200)/ L-M 1.3.1/Tbs 1-2, 1-3, fi
) C 15(50) ‘ 131 :
Transient Electromagnetics : yes yes (C) yes no S 150 (20004+) M-H 13.2/Tb 131 !
Metal Detectors no no yes no C/S 03 L 1.3.3/Tbs 1-2, 1-3
VLF Resistivity yes yes (C) yes no C/S 20-60 M-H 134
Magnetotellurics yes yes (C) no no S 1000+ M-H 135 '
Surface Seismic and Acoustic Methods i
|
Seismic Refraction + yes yes no no S 1-30(200+) L-M  14.1/Tbs 1-2,1-3
Shallow Seismic Reflection + yes no no no S 10-30(2000+) M-H 142 |
Continuous Seismic Profiling yes no no no C 1-100 M 143 i
Scismic Shear/Surface Waves yes no - no no S 10s-100s M-H 144 !
Acoustic Emission Monitoring yes no no no s2° L 145 E
Sonar/Fathometer yes yes no no C no limit L-H 1.4.6 !
. 1
Other Surface Geophysical Methods i
i
Ground-Penetrating Radar + yes yes (O) yes yes C 1-25 (100s) M 1.5.1/Tos 1-2, 1-3 ;
Magnetometry -+ no no yes (F) no C/S 020 L-M 1.5.2/Tbs 1-2, 1-3 {
Gravity yes yes no no S 100s+ H 153
Radiation Detection no no yes (nuclear) no C/S near surface L 154 i
3
Near Surface Geothermometry ' : i
i
Soil Temperature yes yes (T) no no s1-2° L 1.6.1 i
Ground-Water Detection yes yes (T) no no S2° L - 162 ‘ ;
Other Thermal Properties yes no no no - 812, LM 163 ¢

Boldface = Most commonly used methods at contaminated sites; + = covered in Superfund Field Operations Manual (U.S. EPA, 1987), |
(©) = plume detected when contaminant(s) change conductivity of ground water; (F) = ferrous metals only; (T) = plume detected by -
temperature rather than conductivity. !

* § = station measurement; C = continuous measurement. Depths are for typical shallow applications; ( ) = achievable depths-
* Ratings are very approximate L = low, M = moderate, H = high. i
° If leachate or NAPLs are on the ground or water surface or indirectly affect surface properties—see Table 1.1.1; field confirmation required. !
4 Disturbed areas which may contain buried waste can often be detected on aerial photographs. i
¢ Typical maximum depth, greater depths possible, but sensor placement is more difficult and cable lengths must be increased. :
{ For ferrous metal detection, greater depths require larger masses of metal for detection; 100s of meters depth can be sensed when using ]
magnetometry for mapping geologic structure. ‘ !
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Table 1-2 Typical Applications of Six Commonly Used Geophysical Methods (all ratings are for gencral guidance only; rating for a specific method
and application may differ depending on site specific conditions and instrumentation used)
Ground EM Electrical Seismic Metal Magnetometry
Application : Penetrating Induction  Resistivity Refraction  Detection
Radar ‘
Natural Conditions
Layer thickness and depth of soil and rock 1 2 1 1 NA NA®
Mapping lateral anomaly locations 1 1 1 1 NA NA®
Determining vertical anomaly depths : 1 2 1 1 NA NA
Very high resolution of lateral or vertical ‘
anomalous conditions ) 1 1. 2 2 NA NA
Depth to water table and aquifer thickness 2 2 2 1 NA NA
Water saturated fractures, shear and .
fault zones 2 2 .2 2 NA - NA
Mapping clay layers 1 1 1 2 NA NA
Cavity/sinkhole detection® 1 2 2 2 NA NA
Subsurface Contamination Leachates/Plumes
Existence of conductive contaminants
Reconnaissance Surveys) 2* 1 1 NA NA NA
Mapping contaminant boundaries 2. 1 1 NA NA NA
Determining vertical extent of contaminant 2* 2 1 NA NA NA
Quantify magnitude of contaminants NA 1 1 NA NA NA
Determine flow direction 2* 1 1 NA NA NA
Flow rate using two measurements at ‘ .
different times NA 1 1 NA NA NA
Detection of organic contaminants above and
floating on water table 2* 2* 2t NA NA NA
Detection and mapping of conductive ‘ ’
contaminants within unsaturated zone 2 1 1 NA NA NA
Location and Boundaries of Buried Wastes . - .
Bulk wastes 1 1 1 2 NA NA
Nonmetallic containers i NA NA NA NA NA
Metallic containers
- Ferrous 2 1 2 NA 1 1
- Nonferrous v . 2 1 2 NA 1 NA
Depth of burial . 1 2 1 NA 2 : 2*
Utilities v .
Location of pipes, cables, tanks 1 1 2 NA 1 1
Identification of permeable pathways associated
with loose fill in utility trenches 1 1 NA NA 1 1
Abandoned well casings 2 2 2 NA 1 1
Safety
Predrilling site clearance in order to avoid buried drums,
breaching trenches, etc. 1 1 2 ) 2 1 1
Typical Depth Range (meters) <1-25 0.75-60° 0-100+ 1-304 03 0-5 -
1 - Denotes primary use.
2 - Denotes possible applications, secondary use; however, in some special cases, 2 may be the only effective approach due to circumstances.

NA - Not applicable.
+ - Actual depth only limited by sources and length of wire available.

*Limited applications.

®Not applicable in the context used in this document.

“Deeper if using transient EM.

4Other principle methods include microgravity (ground survey) and sonar (water bottom survey).

‘Source: Modified from Benson et al. (1984)




conductive plume, etc.). Greenhouse and Monier-Williams (1985) identified six other considerations in the
selection of geophysical methods at contaminated sites: (1) Depth limits of detection and resolution (see Table
1-1); (2) susceptibility to electrical or vibrational noise (Table 1-3 identifies susceptibilities for six major
methods); (3) corroboration (confirmation of anomalies by multiple readings or use of more than one method);
(4) ties to borehole sampling (i.e., confirmation of observations by drilling of monitor wells for direct
observation); (5) simplicity (especially important if time series measurement are to be taken and there is a
possibility of multiple contractors taking the measurements); and (6) cost effectiveness. To these considerations
might be added: (7) Operator experience (most geophysical methods require specialized training for use and
interpretation of results); and (8) equipment availability. For example, many of the less commonly used remote
sensing and surface geophysical methods would probably be used more frequently if more contractors knew how
to use them and/or the equipment was more readily available.

Most geophysical techniques require highly trained and experienced personnel for data collection and
interpretation. When dealing with geophysical contractors, there should be a clear understanding about the
services being performed. Many geophysical contractors just provide the raw geophysical data as their standard
service, and charge extra for interpretation of data. :

The summaries in this section identify common conditions that enhance or inhibit the success of specific
techniques, but site specific conditions might cause problems for specific techniques, even when all other
indications are that they should work well. As a general rule, all geophysical techniques should be checked by
more direct observation and/or confirmed by a second geophysical method. Furthermore, well established
techniques should be given preference to those less commonly used unless there is clear justification based on
site conditions, cost, and the availability of trained and experienced personnel. When in doubt about the -
appropriateness of a specific technique, independent expert advice should be sought. EPA’s Environmental
Monitoring Systems Laboratory, Las Vegas, Nevada can provide such advice for EPA personnel.

Sources of Additional lnfonhaﬁon

Two useful EPA documents that contain more detailed information on commonly used surface
geophysical techniques at contaminated sites are: Geophysical Techniques for Sensing Buried Wastes and Waste
Migration (Benson et al., 1984), and the Compendium of Superfund Field Operations Methods (U.S. EPA,
1987). Table 1-4 (at the end of this section) identifies major references relating to geophysical methods in
general, and specific applications for ground-water and contaminated-site studies. The document Use of
Airborne, Surface, and Borehole Géophysical Techniques at Contaminated Sites: A Reference Guide (U.S. EPA,
1993), prepared as a companion to this guide, contains annotated descriptions of major geophysical texts and
indexes about 1,400 literature references on the operation and applications of specific remote sensing and
geophysical techniques in ground-water and contaminated site investigations. Tables 1-4 and 1-5 in this guide
provide an index of remote sensing and geophysical texts only. ’
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Table 1-3 Susceptibility of Major Geophysical Mcthods to Ambient "Noisc"

Ground EM - Electrical Seismic Metal Magnetometry
Source of Noise Penetrating Induction Resistivity Refraction Detection
Radar
Buried pipes*® 2 1 1 2 1 1
Will detect Only if within Only if survey Only if survey Any metal pipes  Steel
but may affect  several coil line is parallel is directly unless buried pipes
data spacings and close by over below detection  only
Metal fences 2 1 2 NA 2 1
May affect Only if within Only if survey Only if Steel
unshielded several coil line is parallel nearby fences
antenna if spacings and close to only
close to fence fence
Overhead wires 2 1 NA 2 NA 2
(powerline) Only if Only if within 60 Hz Some mags
unshielded several coil filter respond
antennas spacings may be
are used required
Ground vibrations NA NA NA 1 NA NA
Airborne electromagnetic "NA 2 2 NA 2 1to2
noise : (Barth’s field
' changed)
FM radio transmission 102 NA NA . NA NA NA
‘ depending
on frequency
Ground currentsfvoltage NA NA 2 NA NA NA
Trees 2 - NA NA 2 NA NA
Only if (wind
unshielded noise)
antennas
are used
Metal from buildings, 2 2 2 NA 2 2
vehicles, ete. Only if nearby Only if Only if Only if Only if
and unshielded  nearby nearby nearby nearby
antennas are
used
Small metallic debris on 2 NA NA NA 1 1
or near surface (nails, Ferrous
wire coathangers) metal only
Large metallic debris on 2 1 2 NA 1 1
or near surface (drums, Ferrous
drum covers, etc.) metal only
Ground contact/ 2 NA 1 1to2 NA NA

electrode problems

1 - Very susceptible; 2 - Minor problem; NA - Not applicable.

* A small diameter pipe (1") will have little influence if a large mass of conducting material is in the immediate area.

Source: Modified from Benson et al. (1984)




1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.1 AIRBORNE REMOTE SENSING AND GEOPHYSICS
1.1.1 Visible and Near Infrared

Other Names Used to Describe Method: Aerial photography, satellite photography, aerial remote sensing,
satellite remote sensing, aerial imaging, satellite imaging, black-and-white imaging (panchromatic), color imaging
(true and false), color and photographic infrared imaging, multiband imaging (multispectral), airborne television.

Uses at Contaminated Sites: Performing fracture trace analysis for potential zones of preferential ground-water
flow; developing topographic maps; evaluating changes in land use and vegetation from aerial photographs taken
at different times; detecting near-surface leachate/contamination; documenting preexisting physical conditions
and monitoring progress of clean-up operations; (plan emergency response actions [airborne television]); locating
abandoned wells.

Method Description: Photographs record images on film that is sensitive to the visible and near-infrared portion
of the electromagnetic spectrum, or images can be recorded electronically on tapes (video and multispectral
scanning systems). Images can be black-and-white, true color, and false color (such as color infrared film, which
records yellows and reds as green and the near infrared as red). Aerial photographs can be vertical or oblique
(Figure 1.1.1a). They can record the full visible and near infrared (not visible to the human eye) or only portions
of the spectrum (multiband images). Overlapping aerial photographs can be viewed three-dimensionally using
a stereoscope, or used to develop topographic maps using photogrammetric techniques. Someone skilled in air-
photo interpretation can develop preliminary interpretations about site geology, soils and hydrogeology that can
assist in on-the-ground site evaluation. Fracture trace analysis is an especially useful technique that uses
lineaments visible on air photos to identify potential zones of preferential movement of contaminants in ground
water (Figure 1.1.1b). Table 1.1.1 identifies surface features that can be indicative of leachate or contaminants
on the surface or in the shallow subsurface and the spectral bands that are most useful for identifying such
features.

Method Selection Considerations: Should be used at all sites in one form or another, especially when litigation
isinvolved. Advantages: (1) Relative to other site characterization activities, the cost of cameras, film, and image
processing is small unless very specialized equipment is used; (2) color photographs or videotapes are a simple
way to document on-ground conditions and activities; (3) existing aerial photography (usually black-and-white)
taken by other government agencies, such as the Soil Conservation Service and the Agricultural Stabilization and
Conservation Service is generally readily available and particularly useful in the site characterization stage and
for fracture trace analysis; and (4) aerial documentation using hand-held cameras is relatively inexpensive.
Disadvantages: (1) Aerial photography for stereoscopic interpretation or multispectral imaging requires more
sophisticated equipment and is more expensive; and (2) availability of multispectral imagery from existing sources
at the site scale is limited.

Frequency of Use: True color and black-and-white photographs are used at most, if not all, hazardous waste
sites. Ongoing aerial photographic documentation of site activities is less common. Use of color infrared
photography is uncommon, but would probably be useful at many sites. Use of false color and multispectral
imagery is uncommon.

Standard Methods/Guidelines: ASTM (1993).
Sources for Additional Information: Aller (1984), Phillipson and Sangrey (1977), Rehm et al. (1985-near

infrared), Sangrey and Phillipson (1979), U.S. EPA (1987, 1992-Chapter 2). See also, references on aerial
photography in Table 1-4.
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Table 1.1.1 Spectral Bands for Detecting Leachate Through Reflected Radiation |

Leachate Indicator Primary Bands Secondary Bands i
Gaps T
§
Vegetation/Soil, Rock Infrared, Red I
Snow/Soil, Rock Blue, Green ,
‘Wetness ' ;
Soil Infrared Red
Soil with Grass Infrared '

Spectral Anomalies (Reflective or Emissive)

In Water Red, Green Blue

On Water (lipids) Ultraviolet Blue, Infrared
On Soil Red, Green Infrared

On Grass Red ) Infrared, Green
Stressed Vegetation Infrared Green, Red

Source: Phillipson and Sangrey (1977)
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.1 ATRBORNE REMOTE SENSING AND GEOPHYSICS
- 1.1.2 Photographic Ultraviolet

Other Names Used to Describe Method: Photographic UV.

Uses at Contaminated Sites: Mapping of oil spills on surface water bodies; sometimes used for geologic mapping
of carbonate formations, such as limestones and dolomites; detecting surface contamination by explosives.

Method Description: Special films and filters are used to take photographs in the nonvisible ultraviolet portion
of the electromagnetic spectrum (0.3 to 0.4 micrometers). Oil and carbonate minerals are fluorescent in UV
bands when photostimulated by sunlight. Figure 1.1.2 illustrates a ground-portable UV video system for detecting
surface contamination with explosives being tested by the U.S. Army Toxic and Hazardous Materials Agency
(Barringer Research Limited, 1988).

Method Selection Considerations: Advantages: (1) Equipment is readily available and simple; and (2) ultraviolet
is the best portion of the spectrum for detecting oil slicks on water surfaces (see Table 1.1.1). Disadvantages:

The major drawback of photographic UV is high scattering of these wavelengths by the atmosphere results in
low contrast images, especially when there is dust or haze.

Frequency of Use: Uncommon.
Standard Methods/Guidelines: None.

Sources for Additional Information: Phillipson and Sangrey (1977), Redwine et al. (1985), Sangrey and
Phillipson (1979). :




Figure 1.1.2 Ultraviolet video detection system (Barringer Research Limited, 1988).
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1. REMOTE SENSING AND SURFACE GEOPHYSICA;L METHODS

1.1 AIRBORNE REMOTE SENSING AND GEOPHYSICS

1.1.3 Thermal Infrared

Other Names Used to Describe Method: Medium and far infrared, infrared radiometry/thermography.

Uses at Contaminated Sites: Detecting discharge of ground-water from a contaminated site to nearby surface
waters; detecting leaks from pipelines and underground storage tanks; monitoring soil moisture and evaporation;
directly detecting seeps and springs; characterizing shallow ground-water flow (see Section 1.6.2); identifying
water flow profiles in dams.

Method Description: Thermal infrared radiation lies between near-infrared (see Section 1.1.1) and the
microwave portions of the electromagnetic spectrum (see Sections 1.1.3 and 1.1.4). An object emits infrared
radiation as a function of the nature of its surface (emissivity) and its temperature, which can be sensed using
a radiometer or an infrared scanner. A radiometer records the radiation received and generates an electrical
signal based upon the difference between a standard reference in the instrument and the object being viewed
(Figure 1.1.3a). An infrared scanner uses a detector that creates an image of the thermal environment on a
television tube, magnetic tape, videotape or photographic film (Figure 1.1.3b). Infrared scanners can be used
to detect ground-water discharges into surface waters because of the difference in temperature between the
waters. They can also be used to detect variations in soil moisture content, and to monitor changes in soil
moisture and evaporation over time. A microwave radiometer measure the thermal emissions from the surface,
which at these wavelengths is essentially proportional to the product of the temperature and emissivity of the
surface. This in turn can be related to moisture content by developing curves for a site that relate diurnal range
of temperature to moisture content. Use of a radiometer for testing flaws in materials by measuring heat flow
anomalies is a well established technique.

Method Selection Considerations: Advantages: (1) Cost effective where large areas must be evaluated, such as
reconnaissance identification of ground water or contaminant plume discharge into large water bodies or along
coastline; (2) thermal infrared imagery is available from existing sources and might be useful in the initial site
characterization phase; (3) infrared radiometry is a well established nondestructive testing technique and
commercial equipment is readily available. Disadvantages: (1) More complex and expensive than most other
available methods for monitoring soil moisture content at the site-specific level (see Section 6.3); and (2)
interpretation of thermal images is complicated by factors such as vegetation, presence of decaying organic
matter, and climatological and micrometgorologica.l effects.

Frequency of Use: Commonly used to detect ground-water discharge into rivers, lakes, and seas and as a
nondestructive materials testing technique. Use to estimate soil moisture and evaporation is established, but not
common. Use at contaminated sites rare, if at all.

Standard Methods/Guidelines: None.

Sources for Additional Information: General: Lord and Koerner (1987), Sharp (1970), Ulaby et al. (1982), U.S.

EPA (1987, 1992-Chapter 2); Applications: Aller (1984-abandoned well location), Huntley (1978-shallow

aquifers), Idso et al. (1975-evapotranspiration), Jackson and Schmugge (1986-soil moisture), U.S. Geological
- Survey (1982-evapotranspiration). See also, general references on remote sensing in Table 1-4.
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.1 AIRBORNE REMOTE SENSING AND GEOPHYSICS
1.1.4 Active Microwave (Radar)

Other Names Used to Describe Method: Radar (RAdio Detection And Ranging), side-looking airborne radar
(SLAR), synthetic aperture radar.

Uses at Contaminated Sites: Limited. If continuous cloud-cover prevents obtaining good aerial photographic
images of a site, SLAR could be used to develop black-and-white images. Possible applications in arid areas with
little or no vegetation for characterization of grain size in alluvium and estimation of water table depth for
relatively large areas and for soil moisture monitoring.

Method Description: Radar systems emit a radio wave in the microwave portion of the electromagnetic spectrum
from a transmitter, and detect the weak reflected energy with a receiver that is amplified and modified to create
an image. SLAR generates waves at an oblique angle that allows imaging of a much larger surface area than
conventional aerial photography (Figure 1.1.4) and creates an image similar to a shaded relief map.

Method Selection Considerations: Unless site condition preclude other imaging methods, not likely to be method
of choice.

Frequency of Use: Used infrequently in hydrogeologic studies. Main application is to develop images where
cloud-cover or darkness prevents use of conventional photography. No reported cases of use at contaminated

sites.

Standard Methods/Guidelines: None.

Sources for Additional Information: U.S. EPA (1987, 1992-Chapter 2). See also, general references on remote
sensing in Table 14. ‘
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Figure 1.1.4 Side-looking radar antenna beam (Scherz and Steve.ns, 1970).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS

1.1 ATIRBORNE REMOTE SENSING AND GEOPHYSICS

1.1.5 Airbome Electromagnetics (AEM)

Other Names Used to Describe M;—:thod: Airborne EM, low frequency AEM.

Uses at Contaminated Sites: Detecting and monitoring conductive/brine contamination plumes and possible
contamination sources of near-surface aquifers resulting from injection of brine into Class 2 wells; mapping of
buried bedrock channels and variations in soil and rock types; locating shallow subsurface permafrost and
aquifers; possibly locating unknown buried metal dump sites.

Method Description: Figure 1.1.5a shows the principle of airborne electromagnetic induction surveying using
a transmitter in a plane, and a receiver in a towed bird. Section 1.3.1 provides additional discussion of the
electromagnetic induction method. The transmitter can be fixed at the ground surface with an airborne receiver
carried on a flight path that crosses the transmitter loop at specified intervals, or a moving transmitter can be
used. Moving transmitter-receiver configurations include: (1) Placement in separate planes, (2) transmitter in
a plane with receiver in a towed bird, and (3) rigid booms with transmitter and receiver attached to the tips of
wings or combined in a single towed bird. Figure 1.1.5b illustrates a fixed transm1tter arrangement and a
number of moving transmitter arrangements.

Method Selection Considerations: Faster and might be more cost effective than surface EM methods where sites
are inaccessible and large areas need to be evaluated.

Frequency of Use: Commonly used in mineral exploration, less frequently used in hydrogeologic studies.
Currently being tested on the Brookhaven oil field in Mississippi. :

Standard Methc;ds[Guidelines'- --
Sources for Addltlonal Information: Palacky (1986), Palacky and West (1991), Smith et al. (1989), U.S. EPA

(1992-Chapter 2).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.1 AIRBORNE REMOTE SENSING AND GEOPHYSICS

1.1.6 Aeromagnetics 7

Other Names Used to Describe Method: Air magnetometer.

Uses_at_Contaminated Sites: Used in conjunction with airborne EM methods for delineating subsurface
structures to evaluate brine contamination (see Section 1.1.5); locating abandoned wells.

Method/Device Description: Airborne magnetometers are used to measure variations in the earth’s total
magnetic field. See Section 1.5.2 for description of magnetic instrumentation. Relatively recent tests of
aeromagnetic surveys (used in conjunction with other methods) forlocating abandoned wells and associated brine
contamination have had good results. Figure 1.1.6 shows aeromagnetic contour anomalies caused by wells in the
Coon Creek oil field in Oklahoma. Photographically identified wells that do not appear on the map as anomalies
are labeled with Roman numerals.

Method/Device Selection Considerations: Faster and can be more cost effective than surface EM methods where
sites are inaccessible and large areas need to be evaluated. Use for abandoned well location requires
complementary methods, such as air photo interpretation, because uncased wells will not be detected, and other
features can create non-well related anomalies or mask magnetic anomalies associated with wells.

Frequency of Use: Commonly used in petroleum and mineral exploration to assist in with geological mapping
and structural interpretations, less frequently used for hydrogeologic studies.

Standard Methods/Guidelines: --
Sources for Additional Information: Frischknecht (1990), Smith et al. (1989), U.S. EPA (1992-Chapter 2).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
12 SURFACE ELECTRICAL METHODS
1.2.1 Electrical Resistivity (ER)

Other Names Used to Describe Method: Direct current resistivity, DC resistivity, galvanic resistivity, geo-electric
resistivity.

Uses at Contaminated Sites: Mapping of conductive contaminant plumes and rate of plume movement; might
be capable of detecting high resistivity subsurface hydrocarbons at some sites; locating abandoned wells; vertical
and lateral mapping of stratigraphic and structural features, such as buried stream channels; mapping of
fresh/salt-water interfaces; estimating depth to ground water/bedrock; detecting cavities/sinkholes (tri-potential).
Azimuthal resistivity readings can be used for locating large or significant subsurface fractures and joint
orientations. See also, Table 1-2.

Method Description: The resistivity of subsurface materials is measured by injecting an electrical current into
the ground by a pair of surface electrodes (current electrodes) and measuring the resulting potential field
(voltage) between a pair of second electrodes (potential electrodes) (see Figure 1.2.1a). DC methods are
identified according to the arrangement of current and potential electrodes, with Wenner, Schlumberger, and
dipole-dipole arrays being the most commonly used today (Figure 1.2.1b). Figure 1-2 shows typical resistivity
ranges for various soil and geologic materials. Increasing the spacing between the current and potential
electrodes increases the depth of the sounding measurement (in the Wenner array the spacing should be one to
two times the depth of interest). Tri-potential DC resistivity is a relatively new method that involves taking
readings from three electrode arrays (Wenner, dipole-dipole, and bipole-bipole) at each station and can allow
resolution of ambiguities from single-array readings. Azimuthal resistivity measures the variations in electrical
response to changes in the orientation of electrode arrays at a single location (Figure 1.2.1c). Tomographic
imaging is an experimental surface DC resistivity method in which a grid of electrodes is established on the
ground surface and controlled currents are introduced into a subset of electrodes in a prescribed sequence. The
electrical response at other electrodes is then measured. Figure 3.1.6b in Section 3 illustrates a cross-borehole
resistivity array that can also be used for tomographic imaging. Other methods using tomographic techniques
are covered in Sections 3.4.5 and 6.3.7.

Method Selection Considerations: Table 1.2.1 provides comparative information for DC resistivity, EMI (Section
1.3.1), and time domain EM (Section 1.3.2). Advantages: (1) Well established method with many commercial
sources of equipment available; (2) with horizontally layered earth, DC methods are better than EMI at resolving
the layers (three or four layers compared to two); (3) superior to EM methods for detecting a thin, resistive
layer; (4) tomographic imaging has the potential for high vertical and horizontal resolution of contaminant
plumes, but grid-edge effects create difficulties in field application; (5) good capabilities for locating and mapping
buried bulk wastes with and without metals, and vertical sounding might provide depth; (6) equipment is
inexpensive, mobile, easy to operate, and provides relatively rapid areal coverage; (7) depth of penetration is
limited only by the ability to extend electrode spacings (400 to 800 can be achieved relatively easily); and (8)
results can be approximated in the field. Disadvantages: (1) The requirement for ground contact can cause
problems in resistive material and in general makes the technique slower to use than EML (2) continuous
profiling is not possible; (3) affected by cultural features (metal, pipes, buildings, and vehicles [see Table 1-3]);
(4) interpretations of data are not unique; (5) dipping strata complicate interpretations and lateral heterogeneity
is not easily accounted for; (6) cannot be used in paved areas, and use is limited in wet weather; (7) less sensitive
to conductive pollutants than EMI; (8) deep soundings, where long wire lines must be laid, are labor and time
intensive; and (9) slow and complicated computer programs are usually needed to resolve data from the field
and complicated stratigraphy requires an expert to resolve data. :

Frequency of Use: Conventional DC resistivity is commonly used for geologic/hydrogeologic characterization and
preliminary mapping of contaminant plumes. DC resistivity is less commonly used for mapping changes in plume
configuration. Tri-potential and azimuthal resistivity are relatively new methods with potential for wider use.
Grid-edge effect problems need to be resolved before tomographic imaging using only surface electrodes is more
widely used. : :
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Figure 1.2.1 DDC resistivity methods: (a) Diagram showing basic concept of resistivity measurement (Benson et al.,
1984); (b) Wenner, Schlumberger, and axial/polar dipole-dipole electrode arrays (A and B are current
electrodes, M and N are potential electrodes, a and AB/2 are electrode spacings) other dipole-dipole
configurations are possible (Zohdy et al., 1974); (c) Layout of azimuthal resistivity array (a Wenner
array is rotated 10 degrees clockwise and successive resistivities are measured) (Carpenter et al., 1991,
by permission).
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Table 1.2.1 Comparison of Resistivity and Electromagnetic Methods

FElectromagnetics

sands, concrete blacktop,
etc.)

DC Resistivity EMI TDEM
Vertical sounding capability Yes To a limited extent Yes, up to three layers or
(2 or 3 layers possible) more
Depth of sounding measurement Limited by 60 meters with equipment 150 meters with equipment
array length commonly used; 100s-of commonly used; 1000s of meters
. meters possible possible
Profile station measurements Yes Yes to 60 meters depth Yes - to 150 meters depth
Continuous profile measurement No Yes - to 15 meters depth No
' and at speeds up to 8 km/hr
" Relative lateral resolution® Poor in Good in profile mode with Excellent, particularly
profile mode station measurements. compared with exploration
Excellent in continuous depth :
profile mode
Resolution for electrical Moderate Poor Excellent
equivalence®
Relative speed of measurement Good Very rapid Rapid
Total site coverage Not generally  Feasible at reasonable cost Feasible at moderate cost
economical
Susceptible to noise and buried Yes Yes (continuous measurements Yes
pipes/cables aid identification of plpes
and cables)
Electrode contact problem Yes No (operates through dry No

*For a DC Wenner array, the array length is about three times the depth of exploration; for EMI the array length is of the order of the
depth of exploration; for TDEM (in this case the length of the transmitter side) can be less than the depth of exploration.
*Electrical equivalence is the situation where more than one layered earth model will fit the measured data.

Source: Modified from Benson et al. (1984)




Standard Methods/Guidelines: Draft ASTM Standard Guide to Use of Surface Resistivity in Environmental
Investigations (Nielsen, 1991).

Sources for Additional Information: Benson et al. (1984), Lord and Koerner (1987), Rehm et al. (1985), U.S.
EPA (1987, 1992-Chapter 3), U.S. Geological Survey (1980), Zohdy et al. (1974). Most of the general geophysics
texts identified in Table 1-4 also cover electrical methods. See also, electrical method texts identified in Table
1-5.

Ay
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS

1.2 SURFACE ELECTRICAL METHODS

1.2.2 Self-Potential

Other Names IUsed to Describe Method: Spontaneous polarization, streaming potential.

Uses at Contaminated Sites: Identifying leaks in reservoirs and subsurface flow patterns in karst; monitoring

ground-water flow at landfill sites; detecting leaks from membrane-lined sites; identifying conductive contaminant
plumes.

Method Description: Electrodes are used to measure natural electrical potentials developed locally in the
subsurface. Several types of natural potentials can be measured by this method. Spontaneous polarization is
a natural voltage difference that occurs as a result of electric currents induced by disequilibria within the earth.
Streaming potential is an electrokinetic effect related to movement of fluid containing jons through the
subsurface. Figure 1.2.2a illustrates the use of the self-potential method to detect seepage into fissures in
limestone and Figure 1.2.2b illustrates its use to locate a seepage zone in an earthen dam. A variant of self-
potential, in which current is injected into the ground to enhance the streaming potential effect, has been
developed to detect leaks in lined ponds (Figure 1.2.2c). Geomembrane liners have high resistivity and will give
relatively uniform potential readings between two electrodes. If the liner is punctured, fluid flow through the
leak provides a conductive path for the injected current to flow and produces anomalous readings in the moving
potential electrodes near the leak.

Method Selection Considerations: Advantages: (1) Equipment is simple and easy to operate; (2) no source of
injected. current is required (does not apply to liner leak detection method); (3) useful method in karst areas
where patterns of ground-water flow are difficult to predict; and (4) can locate leakage paths. Disadvantages:

" (1) Permanent installations might require placement large amounts of electrical cable; (2) other ER and EM
methods generally are better for mapping of contaminant plumes; (3) interpretation is highly qualitative; and (4)
susceptible to interferences dues to variations in lithology and vegetation.

Freguency of Use: Most commonly used in mineral exploration where ore bodies are in contact with solutions
of different compositions. Use at contaminated sites is uncommon.

Standard Methods/Guidelines: -
Sources for Additional Information: Bogoslovsky and Ogilvy (1973), Darilek and Parra (1988), Lord and Koerner

(1987), Ogilvy and Bogoslovsky (1979), Redwine et al. (1985), U.S. EPA (1992-Chapter 3).
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Figure 1.2.2 Self-Potential: (a) Apparatus and graph of measurements over a fissured zone of limestone illustrating
negative streaming potential induced by ground-water seepage (Modified by Redwine et al., 1985, from
Ogilvy and Bogoslovsky, 1979, Copyright © 1985, Electric Power Research Institute, EPRI CS-3901,
Groundwater Manual for the Electric Utility Industry, reprinted with permission); (b) Self-potential profile
illustrating seepage zone in an earth dam (Redwine et al., 1985, from Bogoslovsky and Ogilvy, 1973,
Copyright © 1985, Electric Power Research Institute, EPRI CS-3901, Groundwater Manual for the
Electric Utility Industry, reprinted with permission); (c) Electrical leak detection using modified self-
potential method (Darilek and Parra, 1988).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.2 SURFACE ELECTRICAL METHODS

1.2.3 Induced Polarization (IP)

Other Names Used to Describe Method: Complex resistivity.

Uses at Contaminated Sites: Conventional IP applications are similar to DC resistivity (Section 1.2.1), but can
provide greater resolution for differentiation of clayey and nonclayey unconsolidated materials. Complex
resistivity might be able to detect organic contaminant plumes. '

Method Description: Induced polarization measures the electrochemical response of subsurface material
(primarily clays) to an injected current. Time domain IP surveys measure the rate at which voltage decays after
current injection stops (Figure 1.2.3) and frequency domain IP surveys measure the effect of changes in frequency
on subsurface electrical resistivity. Equipment and field procedures are similar to that for DC electrical
resistivity, in fact IP instrumentation can be used to conduct conventional ER surveys. Complex resistivity is
similar to frequency domain IP using a larger frequency spectrum.

Method Selection Considerations: Advantages: (1) More sensitive than conventional DC resistivity in
differentiating subsurface materials; and (2) might be superior to EM methods for organic contaminant plume
detection when organic contaminants interact with clays. Disadvantages: (1) IP surveys are slower and more
expensive than DC surveys and have many of the same disadvantages relative to EM methods; (2) a large amount
of space is required to conduct the survey; (3) when clays are absent, ground penetrating radar (Section 1.5.1)
is likely to be better for detecting organic contaminants; (4) injected currents might cause corrosion of buried
metallic materials (pipelines, etc.); and (5) susceptible to interference from buried cultural features (pipelines
and metallic containers).

Frequency of Use: Has been used infrequently, but with success in ground-water exploration. Use of
conventional IP has not been reported at contaminated sites. Use of complex resistivity for detection of organic
contaminant plumes is in developmental stages.

Standard Methods/Guidelines: None.

Sources for Additional Information: HRB Singer (1971), Lord and Koerner (1987), Pitchford et al. (1988), Rehm
et al. (1985), Sumner (1979), Telford et al. (1990), U.S. EPA (1992-Chapter 3), U.S. Geological Survey (1980).
See also, texts identified in Table 1-5.
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.3 SURFACE ELECTROMAGNETIC METHODS

1.3.1 Electromagnetic Induction (EMI)

Other Names Used to Describe Method: EM, terrain conductivity, frequency domain EM(I).

Uses at Contaminated Sites: Mapping conductive and possibly organic contaminant pltme boundaries, and a
variety of subsurface features with contrasting electrical properties; locating buried utilities, tanks and drums;
subsurface stratigraphic profiling; locating abandoned wells. See also, Table 1-2.

Method Description: Frequency domain EMI uses a transmitter coil to generate an electromagnetic field that
induces eddy currents in the earth below the instrument. Secondary electromagnetic fields created by the eddy
currents are measured by a receiver coil that produces an output voltage that can be related to subsurface
conductivity (Figure 1.3.1a). Conductivity readings represent the weighted cumulative sum of the conductivity
variations from the surface to the effective depth of the instrument, which is determined by the spacing of the
transmitting and receiving coils (Figure 1.3.1b). Near-surface readings, where the two coils are in one unit, can
be made continuously, whereas deeper readings using a wider coil spacing require station measurements. Figure
1.3.1c illustrates the use of EMI over water with the transmitter towed in a raft behind a tow boat containing
a receiver coil. The depth of penetration depends on the coil separation and the orientation. Coil separations
in the horizontal position for commonly used equipment range from 3.7 meters (depth penetration of 3 meters)
to 40 meters (depth penetration of 30 meters). Shifting the coil to a vertical orientation doubles the depth of
penetration.

Method Selection Considerations: Table 1.2.2 provides comparative information on EMI, time domain EM, and
electrical resistivity methods, U.S. EPA (1987) provides comparative information on commercially available EM
systems. Advantages: (1) For mapping of shallow, conductive, contaminant plumes (up to 15 meters) EM surveys
can usually be done faster (and hence more cheaply) than DC resistivity because direct contact with the ground
is not required, sometimes allowing continuous operation; (2) equipment is readily available; (3) excellent
capabilities for detection of buried bulk wastes with and without metal (to depths up to about 20 feet); (4) very
good ability to detect single drums (6 to 8 feet) and metal tanks; and (5) rapid resolution and data interpretation.
Disadvantages: (1) EMI is generally more susceptible to the presence of metal and powerlines on the surface
than DC resistivity (see Table 1-3); (2) lacks the vertical resolution and depth penetration of electrical resistivity
(where more than three major subsurface layers exist, and/or measurements to depths greater than 60 meters
are required, DC resistivity [Section 1.2.1] or time domain EM [Section 1.3.2] will probably give better results);
(3) data reduction is less refined than with electrical resistivity; (4) saline ground water can act to mask presence
of steel drums; and (5) systems able to penetrate deeper than 60 meters are relatively expensive.

Frequency of Use: In the last decade, frequency domain EMI has replaced DC res:stlvlty as the most commonly
used surface geophysical method for contaminant plume detection.

Standard Methods[Guxdelmes Draft Standard Guide for the Use of Electromagnetlc Induction (Terram
Conductivity) in Environmental Investigations (Nielsen, 1991).

Sources for Additional Information: Aller (1984), Benson et al. (1984), Duran (1987), Rehm et al. (1985), U. S
EPA (1987, 1992-Chapter 4), U.S. Geological Survey (1980). See also, Table 1-5 and Table 9-3.
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Benson et al,, 1984); (b) The depth of EMI soundings depends on coil spacing and orientation selected
(Benson et al., 1984); (c¢) Use of EMI instrument over water with tow boat and raft (Duran, 1987, by
permission).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS

1.3 SURFACE ELECI‘ROMAGNETIC METHODS

1.3.2 Time Domain Electromagnetics

Other Names Used to Descnbe Method: TDEM, transient electromagnetic sounding, geoelectric sounding.

Uses at Contaminated Sites: Same as EMI, except greater depth penetration possible (2,000+ meters) and
greater resolution of layered earth possible (three layers or more).

Method Description: Time domain electromagnetic (TDEM) instruments use a large transmitter loop on the
ground and a receiving coil to measure the decaying magnetic field generated by a descending eddy current that
is generated when the transmitter loop current is suddenly turned off (Figure 1.3.2a). These measurements can
be interpreted in terms of the subsurface conductivity as a function of depth (Figure 1.3.2b). '

Method/Device Selection Considerations: Table 1.2.2 provides comparative information on TDEM, EMI, and
electrical resistivity methods. Advantages: (1) TDEM overcomes most of the disadvantages of EMI compared
to DC resistivity, at a somewhat higher cost than EMI; and (2) able to penetrate to great depths (thousands of
feet can be readily achieved). Disadvantages: (1) Site surface features might create difficulties in placement of
the transmitter loop, which is .typically 10 to 20 meters on a side; and (2) not suitable for very shallow
applications (less than about 150 feet).

Frequency of Use: The development of TDEM equipment suitable for use at contaminated sites is relatively
recent, but the increased depth of penetration and better resolution of layers is likely to result in greater use of

this method.
Standard Methods/Guidelines: --

Sources for Additional Information: Felsen (1976), Fitterman and Stewart (1986), Goldman (1990), Kaufman
and Keller (1983), Nabighian and Macnae (1991), U.S. EPA (1992-Chapter 4).
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Figure 1.3.2 Time domain electromagnetics: (a) Block diagram showing TDEM principles of operations; (b) The
depth of TDEM soundings depends on transmitter current, loop size, and time of measurement.
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.3 SURFACE ELECTROMAGNETIC METHODS
1.3.3 Metal Detection v

Other Names Used to Describe Method: Eddy current.

Uses at Contaminated Sites:Locating buried metallic containers of various sizes; defining boundaries of trenches
containing metallic containers; locating buried metallic tanks and pipes; avoiding buried utilities when drilling
or trenching (not all instruments have adequate resolution for this application); evaluating integrity of
deteriorating drums and tanks; locating abandoned wells. See also, Table 1-2.

Method Description: Metal detectors operate on the same principles as electromagnetic induction (Section 1.3.1),
except that the instruments are specifically designed to sense increased conductivity resulting from either ferrous
or nonferrous metals near the ground surface (Figure 1.3.3). Many different types of metal detectors are
available and fall into three main classes: (1) Pipeline/cable locators, (2) conventional "treasure hunter" detectors,
and (3) specialized detectors. The first two types are usually handheld, and require one person to operate.
Specialized detectors are designed to handle for complex conditions, and often require two operators, or can be
truck-mounted. Each class of detector is specific to certain applications and should not be used for other than
its designed purpose. '

Method Selection Considerations: Advantages: (1) MDs respond to both ferrous and nonferrous metals; @)a
wide range of commercial equipment is available, most of which is relatively easy to use; (3) all metal detectors
allow continuous measurements, allowing rapid coverage; (4) less expensive and faster than ground-penetrating
radar; and (5) equipment is light enough to be hand carried. Disadvantages: (1) Depth capability is limited to
1 to 3 meters for a single 55-gallon drum, and 3 to 6 meters for large masses of drums; (2) susceptible to a wide
range of noise, including soils rich in iron minerals, metallic debris, pipes and cable, and nearby fences and
metallic structures; (3) specialized equipment for difficult site conditions requires increased skill-levels to use and
interpret data; (4) specialized MD equipment might not be readily available; (5) saline ground water (> 15,000
mg/L total dissolved solids) can mask presence of buried steel containers; (6) unable to detect nonmetallic objects
(i.e., plastic pipe with no metal detection strip) and detection of metal pipes with insulators at each pipe
connection might be difficult; (7) determination of number or arrangement of buried objects is not possible; and
(8) detection limits might be too high for use as a good screening device for selecting drilling locations.

Frequency of Use: EPA field investigation teams commonly use pipeline/cable locators. Specialized detectors
might be desirable if available, and site conditions are complex.

Standard Methods/Guidelines: -~

Sources for Additional Information: Aller (1984), Benson (1991), Benson et al. (1984), EC&T et al. (1990),
Evans and Schweitzer (1984), Lord and Koerner (1987), U.S. EPA (1992-Chapter 4).
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Figure 1.3.3 S!mpliﬁed block diagram of a pipe/cable type metal detector system. Primary field from transmitter is
distorted by buried metallic objects causing upset of null at receiver coil (Benson et al., 1984).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.3 SURFACE ELECTROMAGNETIC METHODS

13.4 Very-Low Frequency Electromagnetics (VLF)

Other Names Used to Describe Method: VLF resistivity.

Uses at Contaminated Sites: Similar to EM and DC resistivity.

Method Description: VLF resistivity instruments measure the ratio of electric to magnetic fields generated by
military communication transmitters (around 15 to 25 kHz). Figure 1.3.4 illustrates the principal components
of the VLF field. These are very low frequency radio waves, but are actually often higher than frequencies used
in electromagnetic induction methods. The depth of penetration of these waves is related to the resistivity of
the subsurface materials. Depth of penetration for contaminant plumes using the method is around 20 meters,
with a maximum penetration depth of around 60 meters in saturated overburden with higher resistivities.

Measurements are taken using potential electrodes driven into, or placed on, the ground at 10 meter spacing and
both resistivity and the phase angle between the electric and magnetic fields are measured. Principles of data
interpretation as similar to those used in magnetotelluric methods (Section 1.3.5).

Method Selection Considerations: Advantages: (1) Transmitting waves are generated off site at no cost; (2) the
ease of taking measurements allows a high spatial density of readings; and (3) only potential electrodes are used,
minimizing contact resistance problems that can occur with ER methods. Disadvantages: (1) Need to account
for change in land surface (i.e., readings taken at different elevations are not comparable without adjustment);
(2) resolution of two-layered earth requires that the resistivity of one of the layers be known or assumed.

Frequency of Use: Value has been demonstrated at contammated sites, but used less frequently than DC
resistivity and EML.

Standard Methods/Guidelines: --

Sources for Additional Information: McNeill and Labson (1991), Stewart and Bretnall (1986), U.S. EPA (1992-
Chapter 4).
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Figure 13.4 Principal components of the primary VLF field at distances greater than 800 km from the transmitter.
E, and H, are the electrical and magnetic components of the field, respectively, E, and E, are the
vertical and horizontal components of E,. The angle « is the tilt of the electrical field from the vertical.
Both « and E_ increase with increasing terrain resistivity (Stewart and Bretnall, 1986, by permission).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.3 SURFACE ELECTROMAGNETIC METHODS
13.5 Magnetotellurics (MT)

Other Names Used to Describe Method: Telluric current method, magnetotelluric method, audiofrequency MT,
audiofrequency magnetic (AFMAG), MT array profiling (EMAP), controlled-source audiomagnetotellurics

(CSAMT).

Uses at Contaminated Sites: Mapping of large geologic structures; regional ground water mapping; mapping of
brine contamination from unplugged wells (CSAMT); water saturated fracture tracing in rock; detection of fault
displaced masses of rock.

Method Description: Telluric currents are natural electric currents that flow in the subsurface in response to
ionospheric tidal effects and lighthing associated with thunderstorms. The telluric current method measures field
intensity using four electrodes set in intersecting perpendicular lines and is, strictly speaking, an electrical method.
Magnetotelluric (MT) geophysical methods involve the measurement of magnetic and eleciric fields associated
with the flow of telluric currents. Audiofrequency MT (AMT) is the same as MT, except audio frequencies are
measured. Audiofrequency magnetic (AFMAG) methods measure the tilt angle of total magnetic field on a
surface or in the ajr. MT array profiling (EMAP) is MT with numerous measurements of a surface electric field
to try to reduce static effect errors resulting from localized changes in conductivity of near-surface materials.
These static effects can result in erroneous readings at all frequencies, which makes accurate interpretations of
data difficult. = The above-mentioned methods all measure natural currents.  Controlled-source
audiomagnetotellurics (CSAMT) uses a remote transmitter combined with an AMT receiver (Figure 1.3.5).

Method Selection Considerations: Advantages: (1) MT methods can reach depths much greater than can be
reached effectively using artificially induced currents; and (2) CSAMT has been found to have excellent lateral
resolution, good depth penetration (1 kilometer or more), and is relatively inexpensive for mapping oil field brine
contamination. Disadvantages: (1) Static effect errors (see EMAP above) are a common problem with all MT
methods; and (2) for shallow investigations, most other electrical and EM methods are more accurate and easier
to use.

Frequency of Use: MT methods have been used primarily in connection with regional geological investigations
related to mineral exploration. CSAMT has been used in regional ground-water investigations, and has recently
. been successfully used to detect the movement of formation brines into freshwater aquifers through improperly
abandoned or plugged wells. ‘

Standard Methods/Guidelines: None.

Sources for Additional Information: Kaufiman and Keller (1981), Porstendorfer (1975), Tinlin et al. (1988-
CSAMT), U.S. EPA (1992-Chapter 4), U.S. Geological Survey (1980), Vozoff (1986, 1991), Wait (1982), Zonge
and Hughes (1991-CSAMT).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.4 SURFACE SEISMIC AND ACOUSTIC METHODS

1.4.1 Seismic Refraction

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Ground-water and subsurface stratigraphic profiling (including the top of bedrock);
mapping buried channels; measuring depth to ground water; mapping lateral facies variations in an aquifer;
estimating porosity. See also, Table 1-2.

Method Description: An artificial seismic source (hammer, controlled explosive charge) creates direct
compressional waves that are refracted by traveling along the contact between geologic boundaries before signals
from the wave reach the surface again (Figure 1.4.1a). The refracted waves are sensed using electromechanical
transducers, called geophones, which are attached to a seismograph. The seismograph records the time of arrival
of all waves, using the moment the seismic source is set off as time zero. Travel time is plotted against source-to-
geophone distance to produce a time/distance (I/D) plot. Line segments, slope and break points in the T/D plot,
are then analyzed to identify the number of layers and depth of each layer. Figure 1.4.1b shows steps in
processing and interpretation of seismic refraction data. Figure 1-2 shows typical seismic velocity ranges for
various soil and rock types.

Method Selection Considerations: Advantages: (1) Equipment is readily available, portable, and relatively
inexpensive; (2) provides depth of penetration of around 30 meters; (3) technique is accurate and provides rapid
areal coverage; and (4) interpretation is generally straightforward (not exception below). Disadvantages: (1)
Resolution might be obscured by layered sequences where velocity of layers decreases with depth (inversion),
and thin layers, called blind zones, might not be detected; (2) susceptible to noise from urban development (such
as ground vibrations from construction activity and electrical noise [see Table 1-3}); (3) use might be limited by
cold or wet weather; (4) relatively time and labor intensive; (5) good data acquisition and resolution requires
experience operator; (6) seismic sources for deep surveys require considerable energy; (7) only fair ability to
detect buried bulk wastes, but might provide depth; and (8) does not detect contaminants in ground water.

Frequency of Use: Commonly used for near surface hydrogeologic studies and subsurface characterization of
contaminated sites. : :

Standard Methods/Guidelines: Draft Standard Guide for the Use of Seismic -Refraction in Environmental
Investigations (Nielsen, 1991).

Sources for Additional Information: Redwine et al. (1985), Rehm et al. (1985), U.S. EPA (1987, 1992-Chapter
5), U.S. Geological Survey (1980), Zohdy et al. (1974). Most of the general geophysics texts identified in Table
1-4 also cover seismic methods. See also, seismic texts identified in Table 1-5.
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Figure 1.4.1 Seismic refraction: (a) Field layout of a 12-channel seismograph showing the path of direct and

refracted seismic waves in a two-layer soil/rock system; (b) Flow diagram showing steps in processing
and interpretation of seismic refraction data (Benson et al., 1984).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.4 SURFACE SEISMIC AND ACOUSTIC METHODS
1.4.2 Seismic Reflection

Other Names Used to Describe Method: Shallow seismic reflection, common-offset reflection, common-depth
point reflection, common midpoint (CMP) reflection.

Uses at Contaminated Sites: High resolution mapping of bedrock-unconsolidated contact at intermediate depths
(typical minimum of 10 to 30 meters); high resolution mapping of stratigraphy and rock type at greater depths
(more than 70 meters). ‘

Method Description: Generally similar to seismic refraction (Section 1.4.1). Surveys are usually conducted with
shorter spacing but with more geophones compared to a refraction survey for similar depths. In addition to

recording the time of first arrival, numerous arrivals of reflected waves are recorded at each geophone, and

multiple shots are used to create seismic waves (Figure 1.4.2.3), resulting in more data being recorded and

requiring more complex data processing. Conventional reflection methods are designed for obtaining

stratigraphic and structural data at depths greater than 70 meters. Relatively recent development of high

resolution methods, such as the common-depth-peint (CDP), can yield good data at depths as shallow as 15 to

30 meters (Figure 1.4.2b). The common-offset method has been successfully used at interfaces as shallow as 2.7

meters (but a more typical minimum depth would be around 10 meters).

Method Selection Considerations: Advantages: (1) Seismic reflection methods provide higher resolution than
seismic refraction; (2) smaller energy sources are required; (3) shorter spacing of geophones allows greater areal
coverage for any given spacing; (4) velocity inversions do not affect accuracy as with seismic refraction, and thin
layers are easier to detect; and (5) data printout straightforward to interpret. Disadvantages: (1) Results are
much more difficult to interpret and precise interpretation requires computer processing; (2) more complex
instrumentation and data analysis results in generally higher costs than for seismic refraction; (3) steeply dipping
boundaries create problems for interpretation; and (4) sensitive to vibrations and electrical noise. Seismic
refraction is usually better for very shallow investigations, but should no longer be assumed to be the method
of choice where depths greater than 3 to 15 meters are of interest.

Frequency of Use: ngh resolution seismic reflection methods are a relatively new development that will probably
become more widely used compared to seismic refraction because of higher resolution.

Standard Methods/Guidelines: --

Sources for Additional Information: Ayers (1989), Badley (1985), Hunter and Pullan (1989-common-offset),
Kleyn (1983), Knapp and Steeples (1986a,b-CDP), Redwine et al. (1985), Steeples and Miller (1988-CDP), U.S.
EPA (1987, 1992-Chapter 5), U.S. Geological Survey (1980), Waters (1981).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.4 SURFACE SEISMIC AND ACOUSTIC METHODS
1.43 Continuous Seismic Profiling (CSP)

Other Names Used to Describe Method: Acoustical/continuous high-resolution subbottom profiling, marine
seismic reflection. S I ; :

Uses at Contaminated: Sites: Defining lithologic boundaries of shallow équifers; assessing lithology of glacial
deposits; determining unconsolidated material/bedrock contact. (Note: These uses are possible (provided that
area of interest is crossed by rivers, large streams, or contains lakes, reservoirs, ponds or estuaries.)

Method Description: - Continuous seismic profiling is adapted from methods originally used in deep-water marine
geology investigations, and differs from land-based seismic techniques in that only one channel is used to detect
signals. In shallow water, high-resolution, single-channel, continuous-seismic reflection equipment is towed
through the water alongside or behind the survey boat (Figure 1.4.3a). The energy source (electromechanical
transducers, sparkers, or airguns) emit sounds at a fixed frequency, or with a range of frequencies into the water.
The receiver, called a hydrophone, detects the reflected acoustic signals to create a profile of the subsurface
below the line of travel of the boat (Figure 1.4.3b). Usually the raw record can be used for direct interpretation
with no further processing. The position of the boat must be established and maintained throughout the survey,
using methods ranging from multiple land survey crews with ranging equipment to sophisticated microwave
locationing systems. A grid pattern of survey lines allows a three dimensional representation of the subsurface.
A fathometer survey (Section 1.4.6) is usually conducted simultaneously to provide an indication of water depth
to assist in calculation of thicknesses of sub-bottom strata.

Method_Selection Considerations: Advantages: (1) Relatively fast and inexpensive; (2) electromechanical
transducers can emit a wide range of frequencies and provide good depth penetration and moderate to high
resolution; low-frequency energy sources (sparkers and airguns) achieve deeper penetration into the subsurface
but provide less resolution; (3) sediment types, such as sand and clay, can be differentiated with higher frequency
systems; and (4) data printout is straightforward to interpret. Disadvantages: (1) Limited to water bodies that
are large enough or continuous enough to provide the desired areal coverage; (2) steeply dipping boundaries
create probiems for interpretation; (3) sensitive to vibrations and electrical noise; and (4) material velocities must
be known for depth calculations. o :

Frequency of Use: Uncommonly used for site specific investigations because of requireinent for large water
bodies. _ ‘ ' : : .

Standard Methods(Guidéimes: -

Sources for Additional Information: Haeni (1986), Redwine et al. (1985), U.S. EPA (1992-Chapter 5). See also,
texts identified in Table. 1-5. . , ' t
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Figure 1.43 Continuous seismic profiling: (a) Block diagram of typical high-resolution continuous seismic reflection
system and seismic ray-path diagram (Haeni, 1986, by permission); (b) Marine seismic reflection
record showing layered sediments overlying a consolidated bedrock surface (Redwine et al., 1985).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.4 SURFACE SEISMIC AND ACOUSTIC METHODS
1.4.4 Seismic Shear and Surface Waves

Other Names Used to Describe Method: Spectral analysis of surface waves (SASW).

Uses at Contaminated Sites: Seismic shear: Detecting subsurface fissures caused by subsidence; differentiating
water table from weathered bedrock (in combination with seismic refraction); potential for determining the
distribution and orientation of fractures; SASW: Characterizing strength of soil materials.

Method Description: Seismic shear: Basic instrumentation is similar to seismic refraction and reflection methods,
except that layouts are modified to record the time of arrival of seismic shear waves (S waves), in which particles
move transverse to the direction of propagation of the wave rather than back and forth as in a compressional
(P wave), which is observed in seismic refraction and reflection. Figure 1.4.4a shows schematic receiver geometry
for a shear wave refraction spread. Shear waves are commonly generated using a sledgehammer blow delivered
to the soil at an angle to the ground surface, or by using a set of three sequential explosive shots. Both reflection
and refraction of shear waves can be measured and analyzed. SASW: Method for measuring Gy, of soil with
depth, without the use of boreholes (see Section 3.4.6 for cross borehole methods). The technique uses two
vertical transducers placed on the ground surface at equal distances from an imaginary centerline (Figure 1.4.4b).
A vertical impulse is generated on the ground surface, and surface waves of the Rayleigh type are monitored as
they propagate past the two transducers. Successive seismic impulses of different wavelengths allow sampling
different depths of soil, with low frequency waves sampling greater depths.

Method Selection Considerations: Seismic Shear Advantages: (1) Has been found to be more successful than -
seismic refraction or reflection in detecting subsurface fissures that have developed where overpumping of ground
water has caused subsidence; and (2) in combination with seismic refraction data, allows differentiation of a
ground-water surface from other lithologic contacts. Seismic Shear Disadvantages: (1) Addition of shear wave
generation and analysis to seismic surveys adds to the complexity and cost of surveys; and (2) applications such
as mapping of water-table surface can usually done with simpler and less expensive methods. SASW Advantages:
Boreholes are not required as with other methods for measuring G,. SASW Disadvantages: (1) Relatively
sophisticated computer programs, which are not readily available, are required to analyze data; and (2) results
might be less accurate than crosshole method for layered soils with inclined boundaries and heterogenous soils.

Frequency of Use: Uncommon.

Standard Methods/Guidelines: None.
Sources for Additional Information: Bates et al. (1991), CH2M Hill (1991-seismic shear, SASW), Danbom and

Domenico (1987), Dohr (1985), Ensley (1987-bibliography), Stokoe and Nazarian (1985-SASW), U.S. EPA (1987-
Chapter 5), Woods (1985-seismic shear, SASW).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.4 SURFACE SEISMIC AND ACOUSTIC METHODS
1.4.5 Acoustic Emission Monitotiing

Other Names Used to Describe Method: Microseismic method.

Uses at Contaminated Sites: Detecting sounds generated by instabilities in features such as dams and slopes,
retaining walls, footings, underground tunnels, mines, and quarries. Provides early waming for instability in
structures where remedial actions have been carried out.

Method Description: Subaudible sound waves cause the release of stored elastic-strain energy in stressed
materials (such as dislocations, grain boundary movement and initiation, and propagation of fractures (between
mineral grains) are monitored. A wave guide (steel rod or plastic pipe), inserted in the ground or lowered down
a borehole, transmits signals to a sensor (Flgure 1.4.5). The sensor, an accelerometer, converts the mechanical
wave energy to an electrical signal, which is filtered and amplified. A signal counter records a count each time
a the signal exceeds a threshold that is above the background noise level. Preliminary testing to determine
background noise levels from such factors as wind, thunderstorms, barometric changes, power lines, operation
of nearby machinery, passing airplanes, and vehicular traffic, is reéquired. Monitoring can be continuous or
periodic.

Method Selection Considerations: Advantages: (1) Acoustic emission monitoring is inexpensive and simple to
carry out; (2) interpretation is generally uncomplicated; and (3) best of available methods for monitoring dike
stability. Disadvantages: Intermittent sources of background noise (see method description above) can cause
erroneous interpretations.

Frequency of Use: Relatively uncommon.

Standard Methods/Guidelines: -

Sources for Additional Information: Davis et al. (1984), Lord and Koerner (1987), Redwine et al. (1985), U.S.
EPA (1979, 1992-Chapter 5), Waller and Davis (1984).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS

1.4 SURFACE SEISMIC AND ACOUSTIC METHODS

1.4.6 Sonar

Other Names Used to Describe Method: Side-scan sonar, fathometer water bottom surveys, color fathometer.

Uses at Contaminated Sites: Side-scan sonar: Detecting leakage sources of sinkholes in water bodies (reservoirs
and lakes, holding ponds, and waste disposal ponds); possible applications for detecting DNAPLs in water bodies.
Fathometer: Constructing bottom-topography profiles or contour maps below water bodies to locate subsidence
features and to assist in interpreting continuous-seismic reflection surveys.

Method Description: Side-scan sonar: A towfish containing transducers that send bursts of high-intensity, high-
frequency acoustic signals and receive the echoes is pulled behind a-boat (Figure 1.4.6). The signals are
amplified and processed to create an image of the water bottom surface that can cover as much as several
hundred meters on both sides of the survey line. Imagery resolution is sufficient to identify details such as
bedrock outcrops, rough or smooth mud surfaces, sand surfaces, gravel or boulders, and collapse features.
Fathometer: Similar to side-scan sonar, except that it only records bottom topography directly below the
instrument. A fathometer survey is required for accurate intetpretation of continuous-seismic profiles (Section
1.4.3). Both instruments can be used in conjunction with an underwater magnetometer to locate metal containers
at or below the sediment surface.

Method Selection Considerations: Side-Scan Sonar Advantages: (1) Provides very high-resolution imagery; and
(2) wide area of coverage allows for few survey lines without gaps in data and also allows rapid coverage. Side-
Scan Sonar Disadvantages: (1) Relatively expensive due to cost of leasing equipment, boat, and operators; (2)
does not provide water depths or sub-bottom information; and (3) cables might catch on underwater debris.
Fathometer Advantages: (1) Inexpensive; and (2) data interpretation is easy. Fathometer Disadvantages: Records
only surface directly below the instrument, and so it might miss features between survey lines.

Frequency of Use: Uncommon.
Standard Methods/Guidelines: --
Sources for Additional Information: Redwine et al. (1985), Saucier (1970), U.S. EPA (1992-Chapter 5).




TOW BOAT

X

’w)\m\
;
I
TOW CABLE ind
)
i H
/I
SONAR PULSES
I
i

Figure 1.4.6 Side-scan sonar system (Redwine et al., 1985, Copyright © 1985, Electric Power Research Institute,
EPRI CS-3901, Groundwater Manual for the Electric Utility Industry, reprinted with permission).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.4 SURFACE SEISMIC AND ACOUSTIC METHODS
1.4.7 Pulse-Echo Ultrasonics

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Monitoring of surface container corrosion, buried container stability, and buried |
pipeline leaks.

Method Description: A pulse of elastic energy, typically a few micro seconds long and a frequency of about 1
MHz, is beamed into the material being investigated. The elastic wave is reflected from cracks, and
discontinuities within the material and the nature of the reflected pattern gives an indication of the depth and
spatial extent of cracks and discontinuities (Figure 1.4.7).

Method Selection Considerations: Advantages (1) Method is well- -developed for testing integrity of surface
containers; and (2) commercial equipment is readlly available. Disadvantages: Limited actual field use
experience at contaminated sites.

Frequency of Use: Uncommon at contaminated sites.

Standard Methods/Guidelines: -- ,
Sources for Additional Information: Lord and Koerner (1980, 1987), McGonnagle (1961), Sharp (1970).
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Figure 1.4.7 Principles of pulse-echo ultrasonics (Lord and Koerner, 1987).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.5 OTHER SURFACE GEOPHYSICAL METHODS
15.1 Ground-Penetrating Radar (GPR)*

Other Names Used to Describe Method: Ground-piercing radar, ground-probing radar, subsurface impulse radar,
pulsed microwave, pulsed radio frequency, electromagnetic subsurface profiling, continuous microwave.

Uses_at Contaminated Sites: Locating buried objects (only reliable method for detecting buried plastic
containers); mapping of depth to shallow water table; delineating soil horizons, bedrock subsurface, and structure;
detecting buried containers and leaks; mapping of trench boundaries; delineating karst features; delineating
physical integrity of manmade earthen structures; selecting locations for installation of suction samplers in the
vadose zone. See also, Table 1-2.

Method Description: GPR: A transmitting and a receiving antenna are dragged along the ground surface. The
small transmitting antenna radiates short pulses of high-frequency radio waves (ranging from 10 to 1,000 mHz)
into the ground and the receiving antenna records variations in the, reflected return signal (Figure 1.5.1a). The
principles involved are similar to reflection seismology, except that electromagnetic energy is used instead of
acoustic energy, and the resulting image is relatively easy to interpret (Figure 1.5. 1b). Continuous microwave:
Similar to GPR except that a range of frequencies is continuously emitted resulting in interference patterns
between the emitted and reflected wave. The spacing (in frequency) between interference maxima or minima
as the emitting frequency changes gives the depth of the reflecting surface.

Method Selection Considerations: GPR Advantages: (1) Profiles give the greatest resolution of currently available
surface geophysical methods; (2) best penetration is achieved in dry, sandy or rocky areas (up to 25 meters); and
(3) where site conditions are favorable, rapid areal coverage is possible. GPR Disadvantages: (1) Depth of
penetration (typically 1 to 15 meters) is less than DC resistivity and EM methods, and is further reduced in moist
and/or clayey soils and soils with high electrical conductivity; (2) bulkiness of equipment limits use in rough and
inaccessible terrain; (3) FM radio transmissions might interfere with signals depending on the frequency, and
unshielded antennas are susceptible to interference by metallic materials (see Table 1-3); (4) bouldery till might
scatter signal, masking underlying bedrock; and (5) unprocessed images give only approximate shapes and depths
and require processing to obtain true shape and depth. Continuous Microwave methods are still in
developmental stages.

Frequency of Use: Probably the most frequently used surface geophysical method after EMI and DC resistivity.

Standard Methods/Guidelines: Draft ASTM Standard Guide to the Use of Gfound-Penetrating Radar in
Environmental Investigations (Nielsen, 1991).

Sources for Additional Information: Benson et al. (1984), Beres and Haeni (1991), Daniels (1989), Douglas et
al. (1992), Lord and Koemer (1987), Olhoeft (1988-bibliography), Pittman et al. (1984), Redwine et al. (1985),
Trabant (1984), Truman et al. (1991), Ulriksen (1982), U.S. EPA (1987, 1992-Chapter 6). See also, Table 1-5.
Subsurface dielectric properties: Figure 1-2, Akhadov (1980), Daniel (1967), Hasted (1974), Hoekstra and
Delaney (1974), Kracchman (1970), Tareev (1975), van Beek (1965), von Hippel (1954a,b). See also, Table 6-2
listing for references on dielectric sensors. v ' )

*Following the convention of Benson et al. (1984), ground-penetrating radar is not placed in the section on
electromagnetic methods (Section 1.3) due to the higher frequencies involved.

1-53




| GRAPHIC
RECORDER .
TAPE ) |
RECORDER . B

POWER
SUPPLY

TRANSMITTER

RECEIVER \

TRANSMITTER- | . ' - : i
RECEIVER SWITCH S ‘

GROUND SURFACE

REFLECTED IM :
TRANSMITTED IMPULSES D IMPULSES

LAYERED MATERIAL

g < SURFACE

. i

LG h AR AR A '".. o
esFeeT N l" Wﬁ,'. i I, ‘ Il%lm
P : 2&':‘1"“ -y 1o Im Y -l"‘ '
‘ l: o '.. B BT l'.. lf'h"l‘du FINE
ik, LR i
NS

- QUARTZ

ulvm
'l w" " | :I‘"A SAND

x- ." d ! AN "‘ “h.lmwtﬂ"}u
1)‘ lﬁ\ 'l‘ I

| CLAY
LOAM

je APPROXIMATELY 400 FEET ———————————]

®)

Figure 1.5.1 Ground-penetrating radar: (a) Ground-penetrating radar apparatus (Redwine et al., 1985, Copyright ©
1985, Electric Power Research Institute, EPRI CS-3901, Groundwater Manual for the Electric Utility
Industry, reprinted with permission); (b) GPR profile of quartz and over clay (Benson et al., 1984).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.5 OTHER SURFACE GEOPHYSICAL METHODS
1.5.2 Magnetometry

Other Names Used to Describe Method: Fluxgate gradiometer/magnetometer, proton magnetometers/nuclear
resonance magnetometer. Other names that are less commonly used include: Dip needles, deflection
magnetometers, induction variometer.

Uses at Contaminated Sites: Locating buried steel containers, such as 55-gallon drums; defining boundaries of
trenches filled with ferrous containers; locating ferrous underground utilities, such as iron pipe or tanks, and
associated permeable pathways; selecting drilling locations that are clear of buried drums, underground utilities,
and other obstructions; locating buried ferrous slag dumping areas; location of abandoned wells. See also, Table
1-2. ‘

Method Description: Magnetometers measure either intensity of the earth’s total magnetic field at a point or
gradients in the magnetic field. Proton magnetometers are usually used to measure the strength of the earth’s
total magnetic field at a point, requiring a closely-spaced grid of station measurements to provide complete
coverage of a site. Fluxgate gradiometers allow continuous measurement of the gradient in the magnetic field
along a transect. Anomalous readings (measured as gammas) indicate the presence of ferrous metals (Figure
1.5.2). Typically, single drums can be detected at distances up to 6 meters and massive piles detected at distances
of 20 meters or more. Underwater magnetometers can be used in conjunction with fathometers and sidescan
sonar (Section 1.4.6) to detect metal containers that have been buried by sediments or shifting sand.

Method Selection Considerations: Proton Magnetometer Advantages: Provide the most sensitive reading
variations in the magnetic field. Proton Magnetometer Disadvantages: (1) Require station measurements; and
(2) more susceptible to noise than fluxgate gradiometers. Fluxgate Gradiometer Advantages: (1) Less susceptible
to noise than proton magnetometers; and (2) generally less expensive to operate because continuous
measurements provide more rapid coverage. General Disadvantages: (1) Depending on the distance from the
interfering object, magnetometers are susceptible to noise from a number of different sources such as steel
fences, vehicles, buildings, iron debris, and natural soil minerals (see Table 1-3); (2) will not detect nonferrous
metals (metals other than iron, steel, and nickel); (3) estimating depth of burial is difficult; and (4) total field
corrections and/or gradient readings might be required to compensate for solar interferences.

Frequency of Use: Common at sites where presence of ferrous metals in the subsurface is known or suspected.

Standard Methods/Guidelines: --

Sources for Additional Information: Aller (1984), Benson et al. (1984), Bozorth (1951), Breiner (1973),
Chikazumi (1964), EC&T (1990), Hinze (1988), Lahee (1961), Nettleton (1971, 1976), Rehm et al. (1985), U.S.
EPA (1987, 1992-Chapter 6), Zohdy et al. (1974). Most of the general geophysics texts identified in Table 1-4
also cover magnetic methods.
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.5 OTHER SURFACE GEOPHYSICAL METHODS

1.5.3 Gravimetrics

Other Names Used to Describe Method: Microgravity.

Uses at Contaminated Sites: Detecting variation of thickness of unconsolidated material over bedrock; mapping
of landfill boundaries; detecting cavity, sinkholes, and subsidence. -

Method Description: Gravimetry involves measurement of variations in the intensity of the earth’s gravitational
field (expressed as acceleration in centimeters per second squared, or gals). Three principle classes of
instruments are used in conventional gravity measurements: Torsion balance, pendulum, and gravity meter or
gravimeter. All can detect anomalies as small as one-ten-millionth (milligals--10” gals) of the earth’s gravitational
field. Microgravimeters, measuring in units of microgals (10° gals) are sufficiently sensitive that they can
delineate cavities in the subsurface (Figure 1.5.3a). Station measurements along a transect or on a grid require
great care in setting up the instrument and the elevation of each station must be carefully surveyed. Gravity data
obtained in the field must be corrected for elevation, rock density, latitude, earth-tide variations, and the
influence of surrounding topographic variations. After corrections, measurements are plotted as Bouger anomaly
maps, which lock like topographic contour maps and are interpreted in terms of the size, shape and position of
subsurface structures (Figure 1.5.3b).

Method Selection Considerations: Advantages: (1) Not adversely affected by urban influences that adversely
affect EM methods, such as power lines, and radio broadcasts; (2) detailed surveys can delineate size and shape
of cavity; and (3) existing data might be available locally from sources such as state geological surveys or the U.S.
Geological Survey. Disadvantages: (1) Microgravity surveys tend to be expensive because extreme care is
required in field procedures; (2) detailed elevation and location surveying of all stations is required; (3)
instruments are very delicate and are very sensitive to temperature changes; (4) ground vibrations might adversely
affect data; (5) microgravimeters are very expensive; (6) many corrections have to be applied to gravity data,
which is time consuming; and (7) interpretations might be ambiguous.

Frequency of Use: Widely used in mineral exploration. Most commonly used to detect bedrock valleys buried
by unconsolidated glacial materials and regional-scale ground-water investigations. Not commonly used for site-
specific investigations.

Standard Methods/Guidelines: --

Sources for Additional Information: Butler (1977, 1984, 1991), Hinze (1988), Lahee (1961), Nettleton (1971,
1976), Redwine et al. (1985), Rehm et al. (1985), U.S. EPA (1992-Chapter 6), U.S. Geological Survey (1980),
Zohdy et al. (1974). Most of the general geophysics texts identified in Table 1-4 also cover gravity methods.
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Figure 1.53 Microgravity surveys: (a) Schematic diagram of LaCoste and Romberg microgravimeter (Redwine et al,
1985, after Dobrin, 1960 [see Dobrin and Savit, 1988], Copyright © 1985, Electric Power Research
Institute, EPRI CS-3901, Groundwater Manual for the Electric Utility Industry, reprinted with
permission); (b) Contour maps illustrating negative gravity anomalies over spherical (A) and
horizontal cylindrical (B) cavities in the subsurface (Butler, 1977).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS -
1.5 OTHER SURFACE GEOPHY SICAL METHODS

1.5.4 Radiation Detection

Other Names Used to Descrlbe Method: Radiation momtormg Personnel monitors and survey instruments
(described below).

Uses at Contaminated Sites: Monitoring of radiation hazards using investigative techniques that involve ionizing
radiation or detection of contamination by radioisotopes. See also, Section 10.6.1.

Method Description: Radiation monitoring: Various types of personnel monitors have been developed, such as
film badges (records exposure on film), thermoluminescent dosimeters (store ionizing radiation in crystal lattice
defects that can be measured as light output upon heating), and compact ionization chambers, such as self-
reading dosimeters and pocket ion chambers. Most portable radiation survey instruments detect radiation by
its interaction with gas in an ionization chamber. Conventional ionization chambers are used primarily for
measuring high intensity beta, gamma, orx-radiation. Proportional counters can be used to discriminate between
beta and gamma radiation. Geiger-Mueller counters (also called Geiger and G-M counters) are similar to
ionization chambers except that the formation of secondary electrons greatly increases their sensitivity. Figure
1.5.4a shows a typical Geiger counter. Scintillation counters or detectors use a solid crystal that interacts with
ionizing radiation to produce flashes of light that are converted to relatively large electrical pulses by a
photomultiplier tube (Figure 1.5.4b). Scintillation detectors are extremely sensitive instruments that can be used
to detect alpha, beta, gamma or x-radiation depending on the crystal that is used. ASTM (1990) covers standard
terminology relating to radiation measurements.

Method Selection Considerations: Requires selection of an instrument or interchangeable detector tube that is
consistent with the investigative requirements. Types of ionizing radiation most likely to be encountered at a
hazardous waste sites and environmental spills are alpha and beta particles and gamma radiation, with gamma
radiation being the most routinely monitored because of its penetration ability. Ford et al. (1984) summatize
advantages and disadvantages of major types of personnel monitors and survey instruments.

Frequency of Use: Radiation monitoring devices should be used in any situation that the presence of ionizing
radiation is known or suspected.

Standard Methods/Guidelines: Radiation survey instruments: Ford et al. (1984), Marutzky et al. (1984); low-level
waste site monitoring: EG&G Idaho (1990).

Sources for Additional Information: General applications: Duval (1980, 1989); Radiation detection instruments:

Glasstone (1967-chapter 7), Steele et al. (1985). Geophysics texts covering radiometric methods: Beck (1981),
Eve and Keys (1954), Morse (1977), Parasnis (1975), Sherriff (1989), Telford et al. (1990).
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.6 NEAR-SURFACE GEOTHERMOMETRY |

1.6.1 Soil Temperature |

Other Names Used to Describe Method: - -

Uses at Contaminated Sites: Evaluating volatilization of organic contaminants; evaluating soil microbial activity;
delineating contaminant plume; characterizing shallow ground-water flow (see Section 1.6.2).

Method Description: Soil temperature is measured at the surface or below the ground surface using one or more
methods for temperature measurement described in Sections 8.2.1 and 8.2.2 (Air thermometry). Thermocouples
are the most commonly used methods for soil temperature measurement (Figure 1.6.1). Ground-water
temperature gives a close estimate of mean annual soil temperature if monitoring wells are available with water
at a depth of 10 to 20 meters. Alternatively, the average of four temperature measurements taken at a depth
of about 50 centimeters equally spaced throughout the year gives a good estimate of mean annual soil
temperature. Historical soil surface temperature data can be estimated from historical meteorological data using
empirical relationships between soil and surface temperature or solving the energy balance equation for soil
temperature (see Section 8.4.4). Pikul (1991) reviews and evaluates these methods.

Method Selection Considerations: See Sections 8.2.1 and 8.2.2 (Air Thermometry). See also, Section 3.5.2
(Temperature Logs). o ‘

Freguency of Use: Uncommon.
Standard Methods/Guidelines: Buchan (1991), Taylor and Jackson (1986a).

Sources for Additional Information: Brakensiek et al. (1979), Morrison (1983), Smith et al. (1960), U.S. EPA
(1992-Chapter 6). See also, texts covering geothermal methods and soil thermal properties in Table 1-5.
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.6 NEAR-SURFACE GEOTHERMOMETRY

1.6.2 Shallow Geothermal Ground-Water Temperature

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Detecting contaminant plumes from landfills; identifying areas of surface recharge,
flow velocity, and permeability in shallow aquifers; measuring ground-water percolation; calculating ground-water
flow and aquifer permeability.

Method Description: Subsurface temperatures are measured at a selected depth (up to 40 inches) at a large
number of stations over a short time span. Measurements are plotted on a map and contours of equal
temperature interpolated between the data points. Interpretations are based on temperature hydrogeologic
relationships such as: (1) Seasonal changes in soil temperatures associated with ground-water recharge and
discharge (Figure 1.6.2a); (2) shallow moving ground water produces lower soil temperatures compared to
shallow bedrock; and (3) landfill leachate tends to be warmer than native ground water. Figure 1.6.2b illustrates
the use of summer and winter temperature profiles to detect discontinuous sand and gravel aquifers in fine-
grained alluvium, Aquifer permeability can be calculated from head and temperature measurements. Brown
et al. (1983) describe procedures for calculating ground-water flow from temperature in three situations: (1)
Dipping aquifers; (2) vertical conductivity of conﬁnmg beds; and (3) vertical flow near the land surface. The first
two methods involve temperature measurements in boreholes (see Section 3.5.2). Surface or airborne thermal
infrared measurements (Section 1.1.3) also can be used for shallow aquifer characterization.

Method Selection Considerations: Instrumentation is relatively simple and measurements are easy to make.
Other methods, such as electromagnetic induction (Section 1.3.1) are easwr, and probably more accurate for
contaminant plume detection.

Frequency of Use: Occasionally used in near-surface ground water investigations; infrequently used at
contaminated sites. ’

Standard Methods(Guidelines: Brown et al. (1983-Section 5.5), Stevens et al. (1975).

Sources for Additional Information: Bair and Parizek (1978), Gilkeson and Cartwright (1983), Jansen (1990),
U.S. EPA (1992-Chapter 6). See also, texts covering geothermal methods in Table 1-5.
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS
1.6 NEAR-SURFACE GEOTHERMOMETRY
1.6.3 Other Thermal Properties

Other Names Used to Describe Method: Heat capacity and specific heat, thermal conductivity and diffusivity,
heat flux. '

Uses at Contaminated Sites: Various thermal properties affect soil temperature which, in turn, influences rates
of biological and chemical reactions, energy balance of the earth’s surface, soil-water movement, and
anthropogenic features such as roads, buried cables, and waterlines, which might be susceptible to damage by
freeze-thaw action in the soil.

Method Description: Soil-water content is a critical factor affecting thermal properties and often needs to be
measured (See Section 6.3). Various methods are used in the field to measure soil heat flux density (the amount
of heat flowing in the soil per unit area per unit time) including: (1) Calorimetric method; (2) gradient method;
(3) combination method using both calorimetric and gradient measurements; and (4) soil heat flux plate method.
Other thermal properties are usually measured in the laboratory using soil samples: (1) Heat capacity and
specific heat are measured using a calorimeter; (2) thermal conductivity is measured using a galvanometer; and
(3) thermal diffusivity is measured using a sample container, heat exchanger in a temperature-controlled water
bath. Figure 1.6.3 shows examples of field measured depth profiles of thermal conductivity, heat capacity, and
heat flux. Figure 1-2 shows typical ranges of thermal conductivity for common rock and soil types.

Method Selection Considerations:. Measurement of thermal properties generally is required in special situations,
such as measurement of heat flux in the Energy Budget/Bowen Ratio Method. References listed below can give
guidance on method selection for specific thermal properties.

Frequency of Use: Uncommon.

Standard Methods/Guidelines: Heat capacity and specific heat: Taylor and Jackson (1986b); thermal
conductivity and diffusivity: Jackson and Taylor (1986); heat flux: Fuchs (1986).

Sources for Additional Information: See texts covering geothermal methods and soil thermal properties in Table
1-5. ) . .
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Table 1-4 Reference Index for Texts on Remote Sensing and Surface Geophysical Methods

Topic.

Reference

Remote Sensing

General

Aerial Photography

General Geophysics

General Texts®

Ground Water

Contaminated Sites

Engineering

Nondestructive Testing

Methods

- ASTM (1993a), Colwell (1983), Dury (1990), Holz (1973), Johnson and

Pettersson (1987), Kondratyev (1969), Rees (1990), Reeves (1968, 1975), Regan

' (1980), Sabins (1978), Ulaby et al. (1982-microwave), Watson and Regan (1983);

Hydrologic/Contamination Applications: Burgy and Algaz (1974), Deutsch et al.
(1979), Ellyett and Pratt (1975), Goodison (1985), Lund (1978), Reeves (1968),

Scherz (1971), Scherz and Stevens (1970), Sers (1971), Thomson et al. (1973)

ASTM (1993), Avery (1968), Ciciarelli {1991), Denny et al. (1968), Johnson and

' Gnaedigner (1964-bibliography), Lattman and Ray (1965), Lueder (1959), Ray

(1960), SCS (1973), Wolfe (1974-photogrammetry)

Beck (1981), d’Amaund Gerkins (1989), Dobrin and Savit (1988), Eve and Keys
(1954), Garland (1989), Grant and West (1965), Griffiths and King (1981),
Hansen et al. (1967), Heiland (1940), Howell (1959), Jakosky (1950), Kearey and
Brooks (1991), Milsom (1989), Nettleton (1940), Parasnis (1975, 1979), Robinson
and Coruh (1988), Sharma (1986), Sheriff (1968, 1989, 1991), Telford et al.
(1990), Valley (1965), Van Blaricom (1980), Ward (1990a)

Erdélyi and Galfi (1988), Morely (1970), NWWA. (1984, 1985, 1986), Redwine et
al. (1985), Rehm et al. (1985), Taylor (1984), U.S. Geological Survey (1980),
Ward (1990b), Zohdy et al. (1974); Bibliographies: Handman (1983), Johnson and
Gnaedinger (1964), Lewis and Haeni (1987), Rehm et al. (1985), van der Leeden
(1991)

Aller (1984), API (1991), Benson et al. (1984), Costello (1980), EC&T et al.

 (1990), Frischknecht et al. (1983), HRB-Singer (1971), Lord and Koerner (1987),

NWWA (1984, 1985, 1986), O’Brien & Gere (1988), Olhoeft (1992), Pitchford et
al. (1988), SEMEG (1988-present), Technos (1992), U.S. EPA (1987), Waller and
Davis (1984), Ward (1990b); Review Papers: Benson (1991), Evans and
Schweitzer (1984), Hoekstra and Hoekstra (1990) ’

Paillet and Saunders (1990), SEG (various dates), SEMEG (1988-present), U.S.

" Army Corps of Engineers (1979), Ward (1990¢)

ASTM (Annual), Lord and Koerner (1987), McGonnagle (1961), Sharp (1970)

*Most texts on geophysics cover electrical, electromagnetic, seismic, magnetic, and gravity methods. Check annotations
for major topics covered by texts identified at the beginning of the table.
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Table 1-5 Reference Index for Texts on Specific Surface Geophysical Methods

Topic

Reference

Electrical Resistivity

Induced Polarization

Basic EM Theory

EM Wave Behavior

EM Induction

Seismic Refraction

Continuous Seismic
Profiling

Ground-Penetrating Radar

Geothermal Methods

Texts: Bhattacharya and Patra (1968), Goldman (1990-nonconventional methods),
Keller and Frishcknecht (1970), Kofoed (1979), Kunetz (1966), Mooney (1980),
Patra and Mallick (1980), Roux (1978), Soiltest, (1968); Interpretation: Kalenov
(1957), Mooney and Wetzel (1956), Orellana and Mooney (1966, 1972), Van
Nostrand and Cook (1966), Verma (1980); Geoelectric Properties: Parkhomenko
(1967), Wheatcraft et al. (1984)

Baizer and Lund (1983), Bertin and Loeb (1976), Bottcher (1952), Fink et al.
(1990), Sumner (1976), Wait (1959, 1982), Wheatcraft et al. (1984)

Jackson (1975), Kong (1975), Nabighian (1988), Stratton (1941), Wait (1985)

Chew (1990), Jordon (1963), Kong (1975), Lorrain and Carson (1970),
Schelnukoff (1943), Wait (1970, 1981, 1985), Ward and Morrison (1971)

Hoyt (1974), Kaufman and Keller (1983), Kraus (1984), Nabighian (1988, 1991),
Rokityanksi (1982), Verma (1982-three-layer interpretation data), Wait (1971,
1982)

Texts: Badley (1985), Dix (1952-0il prospecting), Haeni (1988-hydrogeology), -
Mooney (1984), Musgrave (1967), Palmer (1986), Redpath (1973), Waters (1981);
Analysis/Interpretation: Berkhout (1985, 1988), Fagin (1991), Palmer (1980),
Russell (1988), Slotnick (1959), Tucker (1982), Tucker and Yorsten (1973); Wave
Theory Texts: Auld (1990), Berkhkout (1987), Bland (1988), Davis (1988), White
(1965), Rock Properties: Canmchael (1982)

Texts: Burdic (1991), Coates (1989), EG&G Environmental Equipment Division
(1977), Hassab (1989-signal processing), Hersey (1963), Sylwester (1983), Trabant
(1984); Interpretation: Badley (1985), Ewing and Tirey (1961), Leenhart (1969),
Roksandic (1978), Sangree and Widmier (1979), Tufekcic (1978)

Hénninen and Autio (1992), Lucius et al. (1990), Pilon (1992), Rossiter and
Bazely (1980), SCS (1988)

Texts: Eve and Keys (1954), Gougel (1976), Howell (1959), Jessup (1990), Rehm
et al. (1985), Sharma (1986), Sheriff (1989), Summers (1971-bibliography); Soil
Thermal Properties: Carlslaw (1986), de Vries (1963, 1975), Farouki (1981),
Kersten (1949), Lee (1965), Wechsler et al. (1965)
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Akhadov, Y. 1980. Dielectric Properties of Binary Solutions. Pergamon, New York, NY, 475 pp.

Aller, L. 1984. Methods for Determining the Location of Abandoned Wells. EPA/600/2-83/123 (NTIS PB84-141530), 130 pp. Also
published in NWWA/EPA Series, National Water Well Association, Dublin, OH. [Air photos, color/thermal IR, ER, EMI,
GPR, MD, MAG, combustible gas detectors}] ‘

American Petroleum Institute (API). 1991. An Evaluation of Soil Gas and Geophysiml Techniques for Detection of Hydrocarbons.
API Publication No. 4509. API, Washington, DC, 110 pp. [GPR, EMI, ER, complex resistivity]

American Society for Testing and Materials (ASTM). Annual. Book of ASTM Standards: Metals Test Methods and Analytical
Procedures, Volume 3.03: Nondestructive Testing. ASTM, Philadelphia, PA.

American Society for Testing and Materials (ASTM). 1990. Terminology Relating to Radiation Measurements and Dosimetry.
E170-90a, ASTM, Philadelphia, PA.

American Society for Testing and Materials (ASTM). 1993. Draft Standard Guide for Acquisition of File Aerial Photography and
Imagery for Establishing Historic Site-Use and Surficial Conditions. D18.01 Subcommittee ballot. ASTM, Philadelphia,
PA.

Auld, B.A. (ed.). 1990. Acoustic Fields and Waves in Solids, Vol. I and II, 2nd rev. Robert E. Krieger Publishing, Malabar, FL, (I)
435 pp., (IT) 421 pp. .

Avery, T.E. 1968. Interpretation of Aerial Photographs, 2nd ed. Burgess Publishing Company, Minneapolis, MN, 234 pp.

Ayers, J.F. 1989. Application and Comparison of Shallow Seismic Methods in the Study of an Alluvial Aquifer. Ground Water
27(4):550-563. [SRR, SRL] (See also, 1990 discussion by R.W. Lankston and reply in Ground Water 28(1):116-118.)

Badley, M.E. 1985. Practical Seismic Intei'pretation. International Human Resources Development Corporation, Boston, MA, 266
pp. [SRL, CSP]

Bair, E.S. and R.R. Parizek. 1978. Detection of Permeability Variations by a Shallow Geothermal Technique. Ground Water
16(4):254-263. ,

Baizer, M.M. and H. Lund (eds.). 1983. Organic Electrochemistry, 2nd edition. Marcel Dekker, New York, NY, 1166 pp. [Ip]

Barringer Research Limited. 1988. UV Surface Sampling. USATHAMA CETHA-TS-CR-91074. U.S. Army Toxic and Hazardous
Materials Agency, Aberdeen Proving Ground, MD. [UV video camera for detection of contaminants]

Bates, R., D. Phillips, and B. Hoekstra. 1991, Geophysical Surveys for Fracture Mapping and Solution Cavity Delineation. In:
Ground Water Management, 7:659-673 (8th NWWA Eastern Ground-Water Conference). [Shear wave refraction, cross-
borehole tomography]

Beck, A.E. 1981. Physical Principles of Exploration Methods. Macmillan, New York, NY, 234 pp. (Reprinted in 1982 with
corrections.) [ER, SP, IP, GR, MAG, EMI, VLF, SRR, SRL, radiometric, BH]

Benson, R.C. 1991. Remote Sensing and Geophysical Methods for Evaluation of Subsurface Conditions. In: Practical Handbook of
Ground-Water Monitoring, D.M. Nielsen (ed.), Lewis Publishers, Chelsea, MI, pp. 143-194. [GPR, EMI, TDEM, ER, SRR,
SRL, GR, MAG, MD, BH]

Benson, R.C., R.A. Glaccum, and M.R. Noel. 1984. Geophysical Techniques for Sensing Buried Wastes and Waste Migration.
EPA/600/7-84/064 (N'TIS PB84-198449), 236 pp. Also published in NWWA/EPA series by National Water Well
Association, Dublin, OH. [EMI, ER, GPR, MAG, MD, SRR]

Beres, Jr., M. and F.P. Haeni. 1991. Application of Ground-Penetrating Radar Methods in Hydrogeologic Studies. Ground Water
29:375-386. '

Berkhout, A.J. 1985. Seismic Migration: Imaging of Acoustic Energy by Wave Field Extrapolation. A. Theoretical Aspects, 2nd
edition; B. Practical Aspects. Elsevier, NY.
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Berkhout, AJ. 1987. Applied Seismic Wave Theory. Elsevier, New York, NY, 377 pp.

Berkhout, A.J. 1988. Seismic Resolution: A Quantitative Analysis of the Resolving Power of Acoustical Echo Techniques.
Pergamon, New York, NY, 228 pp.

Bertin, J. and J. Loeb. 1976. Experimental and Theoretical Aspects of Induced Pola.nzauon, 2 Volumes. Gebriider Bomtracger,
Berlin.

Bhattacharya, P.K. and H.P. Patra. 1968. Direct Current Geoelectric Sounding--Principles and Interpretauon Elsevier, New York,
NY, 135 pp.

Bland, D.R. 1988. Wave Theory and Applications. Oxford University Press, New York, NY, 322 pp. [Seismic] -

Bogoslovsky, V.V. and A.A. Ogilvy. 1973. Deformation of Natural Electnc Fields Near Drainage Structures. Geophysical
Prospecting 21(4):716-723. [SP]

Bottcher, C.F. 1952. Electric Polarization. Elsevier, NY.
Bozorth, RM. 1951. Ferromagnetism. Van Nostrand Co., New York, NY, 968 pp.

Brakensiek, D.L., H.B. Osborn, and W.J. Rawls (eds.). 1979. Field Manual for Research in Agricultural Hydrology. Agricultural
Handbook No. 224, U.S. Department of Agriculture, Washington, DC.

Breiner, S. 1973. Applications Manual for Portable Magnetometers. Geometrics, Sunnyvale, CA, 58 pp.

Brown, R.H., A.A. Konoplyantsev, J. Ineson, and V.S. Kovalensky. 1983. Ground-Water Studies: An International Guide for
Research and Practice. Studies and Reports in Hydrology No. 7. UNESCO, Paris. (Originally published in 1972, with
supplements added in 1973, 1975, 1977, and 1983.) [Thermal methods for evaluation of ground-water covered in Section
5.5)

Buchan, G.D. 1991. Soil Temperature Regime. In: Soil Analysis: Physical Methods, K.A. Smith and C.E. Mullins (eds.), Marcel
Dekker, New York, NY, pp. 551-612.

Burdic, W.S. 1991. Underwater Acoustic System Analysis, 2nd ed. Prentice Hall, Englewood Cliffs, NJ, 445 pp. (1st edition, 1984.)

Burgy, R.H. and V.R. Algaz. 1974. An Assessment of Remote Sensing Applications in Hydrologic Engincering. U.S. Army Corps
of Engineers Hydrologic Center, Davis, CA, 55 pp.

Butler, DK. 1977. Geophysics Versus the Cavity Detection Problem. In: Symposium on Detection of Subsurface Cavities, U.S.
Army Corps of Engineer, Water Expenment Station, Vicksburg, MS, pp. 27-43. [GR]

Bﬁtler, DXK. 1984. Microgravimetric and Gravity Gradient Techniques for Detecting Subsurface Cavities. Geophysics 49:1084-1096.

Butler, D.K. 1991. Engineering and Environmental Applications of Microgravimetry. In: Proc. (4th) Symp. on Application of
Geophysics to Engineering and Environmental Problems, Soc. Eng. and Mineral Exploration Geophysicists, Golden, CO,
pp. 139-246.

Carlslaw, H.S. 1986. Conduction of Heat in Solids, 2nd edition. Oxford University Press, New York, NY, 510 pp. (First edition by
Carlslaw and Jaeger, published in 1960.)

Carmichael, R.S. 1982. Handbook of Physical Properties of Rocks, Vol. 2. CRC Press, Boca Raton, FL. [Seismic]

Carpenter, P.J., S.F. Calkin, and R.S. Kaufman. 1991. Assessing a Fractured Landfill Cover Using Electrical Resistivity and Seismic
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Chew, W.C. 1990. Waves and Fields in Inhomogeneous Media. Van Nostrand Reinhold, New York, NY, 611 pp.
Chikazumi, S. 1964. The Physics of Magnetism. John Wiley & Sons, New York, NY.

Ciciarelli, J. 1991. A Practical Guide to Acrial Photography. Van Nostrand Reinhold, New York, NY, 176 pp.
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Darilek, G.T and J.O. Parra. 1988. The Electrical Leak Location Methods for Geomembrane Liners. In: Proc. 14th Research Symp.
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Denny, C.S., C.R. Warren, D.H. Dow, and W.J. Dale. 1968. A Descriptive Catalog of Selected Aerial Photographs of Gealogic
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Dobrin, M.B. and C.H. Savit. 1988. Introduction to Geophysical Prospecting, 4th edmon McGraw-Hill, New York, NY, 867 ppP-
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15A and 15B, Geophysical Press, London.
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Water-Resources Investigations TWRI 2-D2, 86 pp.

Handman, E.H. 1983. Hydrologic and Geologic Aspects of Waste Management and Disposal: A Bibliography of Publications by
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SECTION 2

DRILLING AND SOLIDS SAMPLING METHODS

Drilling

Most subsurface investigations require the drilling of boreholes for one or more purposes: (1) Collection
of solids samples or cores for lithologic logging and laboratory testing, (2) lithologic and hydrogeologic
characterization using borehole geophysical logging, and (3) installation of piezometers or monitoring wells.
Drilling methods are selected based on: (1) Availability and cost, (2) suitability for the type of geologic materials
at a site (unconsolidated or consolidated), and (3) potential effects on sample integrity (influence by drilling
fiuids and potential for cross contamination between aquifers).

A wide variety of drilling methods have been developed that could be suitable for one or more of the
purposes described above. Table 2-1 summarizes information on 18 drilling methods and explains where more
detailed information on the method can be found in this section. The hollow-stem auger (Section 2.2.1) is by
far the most commonly used method for well installation in unconsolidated deposits. Air rotary is probably the
most commonly used method for well installation in consolidated formations (Section 2.1.2). Where cross
contamination between aquifers is a concern, some kind of casing advancement methods is required, with drill-
through methods (Section 2.1.5) and dual-wall reverse circulation (Section 2.1.6) being the most commonly used.
Table 2-2 provides information on the relative performance of 11 of the drilling methods listed in Table 2-1 for
different types of geologic formations.

Also included in this section is cone penetrometry (Section 2.2.2), which is not strictly a drilling method.
This technology has been developed primarily in relation to geotechnical investigations, but is being used more
frequently for subsurface characterization at contaminated sites.

Solids Sampling

Solids sampling methods can be broadly classified as hand-held and power-driven. Criteria for selection
of hand-held equipment includes: (1) Whether an undisturbed core is required, (2) soil conditions at the site
(cohesion, stones, moisture), (3) the sample size and depth desired, and (4) the number of required operators.
Table 2-3 summarizes information on 12 types of hand-held samplers. More detailed information on these
methods is covered in Sections 2.3.1 (Scoops, Spoons, and Shovels), 2.3.2 (Augers), and 2.3.3 (Tubes). Hand-held
soil samplers are usually used for sampling the near surface (2 to 3 meters).

Power-driven samplers are usually operated in conjunction with drill rigs, although thin-wall tube
samplers attached to hydraulic rigs for near-surface sampling can be attached to pickup trucks. Collection of soil
cores is the preferred methods for sampling solids because much more accurate lithologic logging is possible than
with cuttings from drill methods that do not obtain cores as part of the drilling process, such as diamond drilling
(Section 2.1.10). The most common method for collection of disturbed cores is the split-barrel sampler (Section
2.4.1). Thin-wall open tube samples are the most common method for collecting undisturbed cores (Section
2.4.3). In consolidated geologic material, rotating core samplers are used (Section 2.4.2). Thin-wall piston
samplers (Section 2.4.4) are usually used where poor cohesion prevents good recovery with conventional thin-wall
samplers. Specially designed thin-wall samplers might be required for gravelly and very stiff or cemented
unconsolidated deposits (Section 2.4.5).

ASTM (1987) provides general guidance on investigation and sampling of soil and rock. ASTM (1991)
provides more specific guidance on soil sampling in the vadose zone. . .




Table 2-1 Summary Information on Drilling Methods

Drill Method Casing/ Fluids Core Section Tables
Open Hole Affect Samples? Number i
Chem.? K
f
Hollow-Stem Auger Open Hole Usually Possible 2.1.1 22,2141 i
No
Open-Hole Rotary Methods
Direct Air Rotary with Bit 7 Open Hole Yes Possible 212 22,212
Direct Air Rotary with ‘
Downhole Hammer Open Hole Yes Possible . 212 22,212
Direct Mud Rotary Open Hole Yes  Possible 213 22,213 ‘ j
Reverse Rotary (no casing)  Open Hole Yes Possible 213 2-2 g
i
Cable Tool Either Usually Possible 2.14 22,214 i
No b
Rotary Drill-Through Methods §
I
Rotary Casing Driver Casing Yes - Possible 2.15 2-2,2.15 i
’ i

Dual Rotary Advancement Casing Yes Possible 215

Reverse Circulation Methods

Reverse Dual Wall Rotary  Casing Yes Possible 2.1.6 2-2,2.1.6 , E

Reverse Dual Wall Percussion Casing Yes Possible 2.1.6

Hydraulic Percussion Casing . Yes Possible 216 2-2
Downhole Casing Advancers  Casing Yes Possible 2.1.7 :
Jet Percussion Casing Possible " “Possible 218 2-2,2.18 }
Jetting Open Hole Possible No 218 ‘ . %
Solid Stem Auger Open Hole No | Possible 219 2-2,2.19 ﬁ -
Bucket Auger OpenHole  No  Possible 219 z;
Rotary Diamond Open ﬁole Possible = Yes 2.1.10 ;
Directional Drilling Either* Possible Possible® 2.1.11 g‘
Sonic Drilling Either Possible Yes 2.1.12 s §
Driven Wells Either No No 2.2.1° 22 i ,
Cone Penetration Open Hole No Possible? 222° E‘

Boldface = Most commonly used methods for monitoring well installation.

*EC rig uses casing advancement, other methods may involve open hole advancement. i
*Sampling with a device resembling a split spoon may be possible with some directional rigs. ‘ g
“Section includes cross references to other sections related to method. v i }
‘Geoprobe has developed a core sampler for use with a CPT rig. o i
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‘Table 22 Relative Performance of Different Drilling Methods in Various Types of Geologic Formations

Direct Rotary ' Direct Rour{ :
Direct Direct (Down-the-  (Drill-throug Reverse Reverse
X Cable ] Ro(ar{ Rotlrg' hole air casing Rotary _Rotary Hydraulic

Type of Formation Tool (with fluids) (with air) hammer) hammer) (with fluids) (Dual Wall)  Percussion Jetting Driven Auger
Dune sand 2 5 ' 6 5* 6 5 5 3 1
Loose sand and gravel 2 S A I 6 5* 6 5 5 3 1
Quicksand 2 5 3 o 6 5* 6 5 5 1
Loose boulders in alluvial : g 9

fans or glacial drift 32 21 g g 5 2.1 4 1 1 1
Clay and silt 3 5 9 £ 5 5 5 3 3 3
Firm shale 5 5 2 8 5 5 5 3 2
Sticky shale 3 5 =] 2 5 3 5 3 2
Brittle shale 5 5 = 3 5 5 5 3
Sandstone—poorly cemented 3 4 ‘ z 4 5 4
Sandstone—well cemented 3 3 5 1 3 5 3 8
Chert nodules 5 3 3 3 3 5 2
Limestone 5 5 5 6 5 5 5 ',g &
Limestone with chert nodules 5 3 5 6 3 3 5 g g ©
Limestone with small cracks m E : § =

or fractures 5 3 5 6 § 2 5 5 E = 8
Limestone, cavernous 5 31 2 5 2 | 5 1 8 2 )
Dolomite 5 5 5 6 2 5 5 5 3 =
Basalts, thin layers in 3 . A . 2

sedimentary rocks S 3 5 6 Z 3 5} 5
Basalts—thick layers. 3 3 4 5 3 4 3
Basalts—highly fractured

(lost circulation zones) 3 1 3 3 1 4 1 ]
Metamorphic rocks 3 3 4 5 3 4 3
Granite 3 3 5 5 3 4 3
*Assuming sufficient hydrostatic pressure is available to contain active sand (under high confining pressures)
Rate of Penetration:
1 Impossible
2 Difficult
3 Slow
4 Medium
5 Rapid
6 Very rapid

Source: Driscoll (1986), by permission
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Table 2-3 Criteria for Selecting Hand-Held Seil Sampling Equipment ‘ ) 3
|

|

5

i

|

Required Soil Conditions ) Sample Number of

Obtains Required

Type of Sampler/Section Core Cohesive Stony Moisture Size Depth Operators {1 i
b
Spoons, Scoops (23.1) No Either  Yes Either Large  Shallow 1
Shovels (2.3.1) No Either Yes Either Large Deep 1
Post-Hole Digger No Yes Yes Moist ‘Large Deep 1. i
Screw-Type Augers (2.3.2) No Either ' No - Moist Small Deep 1 |
Barrel Augers (2.3.2) !
Dutch No Yes Yes Moist Small Deep 1
Regular No Yes Yes Either Small Deep 1 !
Sand No No* Yes Either Large Deep 1 ik
Mud No Yes Yes Moist Large Deep 1 ; :

i H

Tube Samplers (2.3.3) !
Soil probes E

: X

Wet tips Yes Either No Moist Small Deep 1 I
Dry tips Yes . Either No Dry Small Deep 2 }
Veihmeyer tube Yes Either No Either Small Shallow 1 {

H

Thin-wall tube Yes Yes No Either Large Shallow 2 } ;
samplers :

Peat samplers Yes Yes No Moist Large Deep 2

*Able to sample either cohesive or noncohesive soils. . : {
*Designed to sample dry, sandy soils. , , '

Source: Adapted from Brown et al. (1991)




Field Description of Soil Physical Properties

Field description of solids samples is an important part of the site characterization process. Major
features that are described in the field include texture (Section 2.5.1) and color (Section 2.5.2). Numerous other
features, such as moisture condition, and soil or sedimentary features that indicate zones of increased or reduced
porosity or permeability, should also be described in the field (Section 2.5.3).

Sources of Additional Information

Table 2-4 provides sources of additional information on drilling methods and Table 2-5 presents other
sources of information on solids sampling.
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2. DRIILING AND SOLIDS SAMPLING METHODS
2.1 DRILLING METHODS

2.1.1 Hollow-Stem Auger

Other Names Used to Describe Method: Helical auger.

Uses at Contaminated Sites: Drilling for solids sampling and installation of ground-water monitoring wells in
unconsolidated materials; drilling vadose monitoring wells (Iysimeters); identifying depth to bedrock.

Method Description: A hollow-stem auger column (Figure 2.1.1) simultaneously rotates and axially advances
using a mechanically or hydraulically powered drill rig. The hollow stem of the auger allows use of various
methods for continuous (see Figure 2.4.3b) or intermittent sampling of soil material (see Figure 2.4.4b). Casing

and screens for monitoring wells can be placed in the hollow stem when the desired depth has been reached, and -

gravel pack and grouting emplaced as the auger is gradually withdrawn from the hole. Use of different diameter
augers allows use of casings to isolate near-surface contamination, and continuation of drilling with a smaller-
diameter auger. Special screened auger sections allow ground-water sampling at different depths as drilling
progresses (see Figure 5.2.7a). ‘

Method Selection Considerations: Usually the favored method with moderately cohesive unconsolidated
materials. Advantages: (1) Set-up time and drilling is fast and causes minimal damage to aquifer because no
drilling fluids or lubricants are required; (2) high mobility rigs can reach most sites and equipment is generally
readily available throughout the United States; (3) the hollow stem allows flexible choice of soil core sampling
methods and use of natural gamma ray logging equipment; (4) depth to water table can usually be determined
during drilling and formation waters can be sampled during drilling by using a screened lead auger or advancing
a well point ahead of the augers; (5) auger flights act as temporary casing, stabilizing the hole for construction
of small-diameter monitoring wells; and (6) usually less expensive than rotary or cable drilling. Disadvantages:
(1) Cannot be used in consolidated deposits and might have to be abandoned if boulders are encountered; (2)
heaving sands present problems, requiring special procedures to counteract; (3) generally limited to welis less
than 150 feet in depth and works best to depths around 75 feet; (4) vertical mixing of formation water and
geologic materials can occur; and (5) hollow stems might not be suitable for running a complete suite of
geophysical logs. Aller et al. (1991) give hollow-stem augers top ratings compared to other drilling methods for:
Up to 4-inch monitoring wells in unsaturated, unconsolidated material to 150 feet; up to 4-inch shallow
monitoring wells (<15 feet) in saturated conditions; and for small (<2 inch) monitoring wells in saturated
unconsolidated material to 150 feet (see Table 2.1.1). ‘

Frequency of Use: The large majority of monitoring wells installed in unconsolidated materials in North America
are constructed using hollow stem augers.

Standard Methods/Guidelines: ASTM (1993a), Appendix A in Aller et al. (1991).

Sources for Additional Information: Aller et al. (1991), Shuter and Teasdale (1989). See also, Table 2-4.
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Figure 2.1.1 Typical components of a hollow-stem auger (Aller et al., 1991).
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Table 2.1.1 Hollow-Stem Auger Suitability Ratings

UNCONSOLIDATED MATERIAL

Depth MW Saturated Unsaturated
(i) Diameter  _ _ __ __  ______  ______
Invasion (+) Invasion (-) Invasion (+) Invasion (-)
<2" 75* (29-75)° 75 (27-75) 79 (32-79) - 75 (44-75)
0-15 24" 68 (30-68) 72 (28-72) . 79 (24-79) 77 (37-17)
4-8" NA NA 64 (48-64) NA
<2" 67 (23-67) 69 (30-69) 76 (24-76) 79 (35-79)
15-150 24" 59 (21-69) 64 (24-68) 72 (19-72) 73 (25-73)
4-8" NA NA NA - NA
<2" NA NA NA NA
>150 24" NA NA NA NA

4-8" NA NA NA NA

CONSOLIDATED MATERIAL

Depth MW Saturated/Unsaturated
Diameter ______ = ______
Invasion (+) Invasion (-)

- 2-4" NA NA

- 4-8" NA : NA

Boldface = Highest rating or within a few points of highest rating.
NA = Not applicable.
MW = Monitoring well diameter.

*Numerical rating for drilling method in Appendix B, Aller et al. (1991).
*Range of numerical ratings of applicable methods (perfect score = 80).
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2. DRILLING AND SOLIDS SAMPLING METHODS
2.1 DRILLING METHODS
2.1.2 Direct Air Rotary with Rotary Bit/Downhole Hammer

Other Names Used to Describe Method: Air rotary with roller-cone (tri-cone) bit, down-the-hole hammer, air-
percussion rotary. ‘ , i
Uses at Contaminated Sites: Air rotary bit: Monitoring well installation in deeper, stable unconsolidated
material, and sedimentary rocks. Downhole hammer: Monitoring well installation in very hard to hard geologic
formations.

Method Description: Air rotary bit: The basic rig setup for air rotary with a tri-cone or roller-cone bit is similar
to direct mud rotary (see Figure 2.1.3 in next section), except the circulation medium is air instead of water or
drilling mud. Figure 2.1.2a illustrates the main components of a drill string using a tri-cone bit. Compressed
air is circulated down through the drill rods to cool the bit, and carries cuttings up the open hole to the surface.
A cyclone separator slows the air velocity and allows the cuttings to fall into a container. A roller cone drill bit
is used for unconsolidated and hard to soft consolidated rock. In dry formations the cuttings are very fine-
grained and a small amount of water and/or foaming surfactant can be added to increase the size of fragments
discharged to the surface, allowing good characterization of the formation. Downhole hammer: A down-the-hole
hammer, which operates with a pounding action as it rotates, replaces the roller-cone bit (Figure 2.1.2b). Other
operational features are similar to those described for the rotary bit, except that small amounts of water or
surfactants are needed for dust and bit temperature control.

Method Selection Considerations: Air rotary is often the method of choice for monitoring well installation in
consolidated material, and deeper unconsolidated materials that form a stable hole. Air Rotary Bit Advantages:
(1) Drilling is fast and can be used in both consolidated and unconsolidated formations, but is best suited for
consolidated rock; (2) no drilling fluid is used, minimizing contamination of formation water; (3) depth is limited
only by the capacity of the air compressor to deliver enough air downhole to maintain circulation; (4) cuttings
can be recovered rapidly and are not contaminated by drilling mud (recovery is best in hard, dry formations);
(5) major water-bearing zones can be identified when formation water is blown out of the hole along with
cuttings and yields of strong water-producing zones can be estimated with a relatively short interruption of
drilling; (6) well suited for highly fractured or cavernous rock because loss of drilling fluids is not 4 problem; (7)
field analysis of water blown from the hole can provide information on changes in some basic water-quality
. parameters such as chlorides; and (8) drill rigs are readily available throughout most of the United States. Air
Rotary Bit Disadvantages: (1) Oil contamination might result from the air compressor if air filters are not
operating properly; (2) surfactant foams, if used, might react with formation water and affect representativeness
of ground-water samples; (3) the drying effect of air can make lower yield water producing zones difficult to
observe; (4) the air can modify chemical and biological conditions in an aquifer, with recovery time uncertain;
(5) casing is required to keep the hole open when drilling in soft, caving formations below water table; (6) if
hydrostatic pressures of water bearing zones are different, cross-contamination might occur betwéen the time
drilling is completed and the well casing is placed and grouted; (7) relatively expensive, might not be economical
for small jobs; (8) requires a minimum 6-inch diameter hole; (9) cuttings and water blown from the hole can pose
a hazard to crew and surrounding environment if toxic compounds are encountered; and (10) not suitable for
soft, caving formations. Aller et al. (1991) give air rotary top ratings for all situations involving consolidated rock,
and top ratings compared to other drilling methods for large diameter wells (4 to 8 inches) deeper than 15 feet
in unsaturated, unconsolidated material where invasion of drilling fluid is not allowed (see Table 2.1.2).
Downhole Hammer Advantages: (1) Downhole hammer provides better penetration in very hard geologic
formations such as igneous and metamorphic rocks and very fast penetration in other formations; and (2) longer
bit life, less drill collar wear, and easier to control deviation, while maintaining penetration rates compared to
rotary bit. Downhole Hammer Disadvantages: (1) Oil is required in the air stream to lubricate the actuating
device for the hammer, creating the possibility of hydrocarbon contamination of the monitoring well; (2) limited
to systems using compressible circulating fluids (air, foam); and (3) use of surfactants might alter ground-water
chemistry. ‘
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Figure 2.1.2 Air rotary drilling methods: (a) Drill string for a direct rotary rig with tri-cone bit (Driscoll, 1986, by :
permission); (b) Diagram of direct air rotary with downhole hammer (Aller et al., 1991). s I?
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Table 2.1.2 Direct Air Rotary Suitability Ratings

- UNCONSOLIDATED MATERIALS

Depth MW Saturated Unsaturated
(ft.) Diameter _____. ______ . ______ o
Invasion (+) Invasion (-) Invasion (+) Invasion (-)
<2" . NA NA . 53 (32-79) 53 (44-75)
0-15 2-4" - NA NA 53 (24-79) 53 (37-77)
4-8"  NA NA 48 (48-64) 58 (58-71)
<2" NA “ NA 56 (24-76) 56 (35-79)
15-150 24" NA - ‘ NA 51 (19-72) 52 (25-73)
4-8" NA NA NA (66-70) 80 (80)
<2" - NA NA 55 (54-65) 65 (65-73)
>150 24" - NA NA 58 (56-65) 60 (60-70)
48" . NA NA NA 80 (80)

CONSOLIDATED MATERIAL

Depth MW Saturated/Unsaturated
Diameter ____~__ ____
Invasion (+) Invasion (-)
- 24" 15 (5575) 74 (68-74)
—- 48 7T (64-7T) 80 (80)

Boldface = Highest rating or within a few points of highest rating.
NA = not applicable.

*Range of numerical ratings of applicable methods (perfect score = 80).
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Frequency of Use: Frequently used where monitoring wells must be installed in consolidated material.

Standard Methods/Guidelines: ASTM (1993b). g
Sources for Additional Information: Aller et al. (1991), Campbell and Lehr (1973), Driscoll (1986), Shuter and %
Teasdale (1989). See aiso, Table 2-4. !
i
§1
1
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2. DRILLING AND SOLIDS SAMPLING METHODS
2.1 DRILLING METHODS
2.1.3 Direct Mud Rotary

Other Names Used to Describe Method: Direct (liquid) rotary, hydraulic rotary, reverse (circulation) rotary.

Uses at Contaminated Sites: Monitoring well installation in moderately deep to deep holes where invasion of
drilling fluids is not a concern. Core sampling possible in both unconsolidated and consolidated rock.

Method Description: Figure 2.1.3 shows the major elements of a direct mud rotary drilling system. Drilling fluid,
called mud, is pumped down hollow rotating drill rods and through a bit that is attached at the lower end of the
drill rods. The fluid circulates back to the surface by moving up the annular space between the drill rods and
the borehole wall, and is discharged at the surface through a pipe or ditch into a sedimentation tank, pond, or
pit. Cuttings settle in the pond and the fluid overflows into a suction pit, where a pump recirculates the fluid
back through the drill rods. The drilling fluid serves to: (1) Cool and lubricate the bit, (2) stabilize the borehole
wall, and (3) prevent the inflow of formation fluids, thus minimizing cross contamination of aquifers. Samples
can be obtained directly from theé circulated fluid by placing a sample-collecting device, such as a shale shaker,
in the discharge flow before the settling pit. For more accurate sampling, the flow of drilling fluid is interrupted
and a split-spoon, thin-wall, or consolidated core sampler is inserted down the drill rod and the sample taken
ahead of the bit. Reverse circulation rotary drilling is a variant of the mud rotary method in which drilling fluid
flows from the mud pit down the borehole outside the drill rods; then passes upward through the bit, carrying
cuttings into the drill rods; and then is discharged into the mud pit again. Equipment is similar to direct mud
rotary, except that most pieces of equipment are larger.

Method Selection Considerations: Direct Mud Rotary Advantages: (1) A very flexible and rapid drilling method
for a wide range of borehole diameters in both saturated and unsaturated conditions in consolidated and
unconsolidated rock; (2) great depths can be reached (500 feet is the usual limit, but greater depths are possible
depending on the borehole diameter, mudpump capacity, and ability to maintain circulation); (3) coring devices
for detailed sampling are easy to use, but there is some risk of contamination by drilling fluids; (4) casing is not
required during drilling; (5) complete suite of geophysical log can be run in mud-filled open hole; (6) flexibility
in well construction; (7) smaller rigs can reach most sites and equipment is generally readily available throughout
the United States; and (8) relatively inexpensive. Direct Mud Rotary Disadvantages: (1) Invasion of drilling fluid
in permeable zones makes it difficult to identify aquifers, and compromises the validity of subsequent monitoring
well samples; (2) contaminants might be circulated with the fluid; (3) collection of representative samples is
difficult due to mixing of drill cuttings and sample lag time in deeper holes, unless split-spoon or thin-wall
samplers are used in unconsolidated material or core bits are used in consolidated rock; (4) the filter pack is
difficult to remove during development and disposing of contaminated drilling mud, and the large amount of
water normally required to clean and develop the installation might be a problem; (5) no information on position
of water table and only limited information on water producing zone is directly available during drilling; (6) -
measuring static water levels, taking representative water samples, and performing pump tests of individual
aquifers is not practical; (7) generally not suited for use in fractured, cavernous, and very coarse material due
to loss of drilling fluid (can be overcome by using casing); (8) bentonite fluids might absorb metals and might
interfere with some other parameters; (9) organic fluids might interfere with bacterial analysis and/or organic-~
related parameters; (10) lubricants and metal parts might be a source of contamination; (11) placement of sand
packs and seals is generally less certain than with auger methods; (12) requires experienced driller and fair
amount of peripheral equipment; (13) might have to abandon holes if boulders are encountered; and (14)
washout zones might develop in weaker formations. Aller et al. (1991) give mud rotary top ratings for saturated
conditions deeper than 15 feet for all well diameters where invasion of drilling fluid is allowed (see Table 2.1.3).
‘Where unconsolidated materials overlies a bedrock aquifer, mud rotary can be used to drill to the bedrock, the
hole can be cased, and a less intrusive drilling method, such as air rotary, can be used to complete the well.

'Frgueng of Use: Mud rotary drilling rigs are widely available, but infrequently used for monitoring well
installation because of the problems created by drilling fluids. Reverse circulation rotary is used primarily for
the installation of large-diameter deep water wells, rather than monitoring wells. ,
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Figure 2.1.3 Diagram of direct mud rotary circulation system (Aller et al., 1991).
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Table 2.1.3 Direct Liquid (Mud) Rotary Suitability Ratings

UNCONSOLIDATED MATERIAL

Depth MW Saturated Unsaturated
(tt) . Diameter _ _____ = ______  ______ o ______
Invasion (+) Invasion (-) Invasion (+) Invasion (-)
<2" 62* (29-75)° NA 62 (32-79) NA
0-15 24" 60 (30-68) NA 62 (24-79) NA
4-8" 67 (61-69) NA 63 (48-64) NA
<2" 67 (23-67) NA 67 (24-76) NA
15-150 24" 69 (21-69) NA 68 (19-72) NA
4-8" 67 (67) ~ NA 70 (66-70) NA
<2" 61 (60-69) NA 61 (54-65) NA
>150 24" 66 (58-66) NA 58 (56-65) NA
4-8" 66 (63-66) NA 66 (65-66) NA

CONSOLIDATED MATERIAL

Depth MW Saturated/Unsaturated
Diameter __ ____ = ______
Invasion (+) Invasion (-)

- 24" 63 (55-75) NA

-- 4-8" 64 (64-77) NA

Boldface = Highest rating or within a few points of highest rating.
NA '= Not applicable.

*Numerical rating for drilling method in Appendix B, Aller et al. (1991).
*Range of numerical ratings of applicable methods (perfect score = 80).
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Standard Methods/Guidelines: ASTM (1993c).

Sources for Additional Information: Aller et al. (1991), Campbell and Lehr (1973), Driscoll (1986), Shuter and
Teasdale (1989). See also, Table 2-4.
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2. DRILLING AND SOLIDS SAMPLING METHODS
" 2.1 DRILLING METHODS
2.1.4 Cable Tool

Other Names Used to Describe Method: Cable-tool percussion, percussion rig, spudder rig, open hole, reverse
cable tool.

Uses at Contaminated Sites: Installing large-diameter monitoring wells.

Method Description: Cable tool drilling rigs operate by repeatedly lifting and dropping a heavy string of drilling
tools attached to a cable into the borehole. Figure 2.1.4 illustrates the major components of a cable tool rig.
Consolidated rock is broken or crushed into small fragments and unconsolidated material is loosened by the drill
bit. The reciprocating action is caused by attaching the cable to an eccentric walking or spudding beam that also
serves to mix the crushed or loosened particles with water to form a slurry at the bottom of the borehole.
Periodically, the drilling string is removed and the slurry is removed by a sand pump or bailer. In unconsolidated
formations, a casing is driven into the ground, often using hydraulic jacks as drilling and bailing proceeds. In
consolidated formations, most boreholes are drilled "open hole," without the use of casing.

Method Selection Considerations: Advantages: (1) A very flexible drilling method that is suitable for all types
of geologic formations (especially well suited to caving, large gravel-type formations, and drilling through
boulders, fracture, fissured, broken, or cavernous rocks), and for wells of almost any depth and diameter range
(depths exceeding 11,000 feet have been drilled with cable tool); (2) samples of coarse grained materials are of
good quality and samples bailed from each interval represent about a 3 to 5 foot zone, allowing reasonably
accurate geologic description; (3) typical casings are wide enough for easy installation of monitoring wells; (4)
equipment is readily available in central, north-central and northeast sections of United States (in other part of
the country, cable tool has been largely replaced by rotary drilling); (5) when casing is used, cross contamination
is minimized; (6) changes in water level can be observed, water samples can be collected easily, and hydraulic
conductivity tests can be made in different water-bearing zones; (7) good seal between casing and formation is
virtually assured if flush-jointed. casing is used; (8) rigs can reach most drilling sites; (9) relatively inexpensive;
(10) little or no drilling fluid is required (small amounts of water are required, usually with no additives, above
the water table; and (11) relative permeabilities and rough water quality data from the different water-bearing
zones that are penetrated during drilling can be obtained by skilled operators. Disadvantages: (1) Drilling is slow
because of the requirement for bailing; (2) heaving of material from the bottom of the casing upward might cause
problems that require special measures; (3) casing costs are usually higher because heavier wall or larger
diameter casing might be required and it might be difficult to pull back long strings of casing in some geologic
formations; (4) difficult or impossible to obtain undisturbed cores; (5) slight potential for vertical mixing of
materials as the casing is driven; (6) drill rigs not generally equipped to use borehole sampling devices other than
bailers; (7) relatively large diameters are required (minimum 4-inch casing); (8) heavy steel drive pipe must be
used and could be subject to corrosion under adverse contaminant conditions; (9) use of casing limits types of
geophysical logs that can be run; (10) usually a screen must be set before a water sample can be taken; (11)
heavy steel drive pipe used to keep hole open and drilling equipment can limit accessibility; (12) contamination
possible if drilling fluid is used; and (13) it is difficult to place a positive grout seal above the drive shoe casing,
consequently, wither the drive casing must be totally removed and the seal placed outside the permanent well
casing, or a seal must be place above the screen but below the drive shoe, resulting in added costs and time for
well completion. See Table 2.1.4 for ratings of cable drilling compared to other major drilling methods.

Erequency of Use: Not commonly used for monitoring well installation.

Standard Methods/Guidelines: API (1988a,b).

Sources for Additional Information: Aller et al. (1991), Campbell and Lehr (1973), Davis and DeWiest (1966),
Driscoll (1986), Shuter and Teasdale (1989). See also, Table 2-4. ‘
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Table 2.1.4 Cable Tool Drilling Suitability Ratings

UNCONSOLIDATED MATERIAL

Depth MW Saturated Unsaturated
(ft.) Diameter  _ ___ _ _ T,
Invasion (+) Invasion (-) Invasion (+) Invasion (-)
<2" 65° (29-75)° 60 (27-75) 54 (32-79) NA
0-15 24" 65 (30-68) 66 (28-72) 60 (24-79) NA
4-8" 61 (61-69) 74 (46-74) 61 (48-64) NA
<2" 66 (23-67) 66 (30-69) 57 (24-76) NA
15-150 24" 65 (21-69) 68 (24-68) 66 (19-72) NA
48" 67 (67) . 80 (80) 66 (66-70) NA
<2' 62 (60-69) V 66 (66-72) 54 (54-65) NA
>150 24" 60 (58-66) 67 (67-74) 56 (56-65) NA
4-8" - 63 (63-66) 80 (80) 65 (65-66) NA

CONSOLIDATED MATERIAL

Depth MW Saturated/Unsaturated
Diameter _ _____  ______
Invasion (+) . Invasion (-)

-- 24" 55 (55-75) NA

- 48" 65 (64-77) NA

~

Boldface = Highest rating or within a few points of highest rating.
NA = Not applicable.

“Numerical rating for drilling method in Appendix B, Aller et al. (1991).
YRange of numerical ratings of applicable methods (perfect score = 80).
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2. DRILLING AND SOLIDS SAMPLING METHODS

2.1 DRILLING METHODS

2.1.5 Casing Advancement: Rotary Drill-Through Methods (Drill-Through Casing Mer and Dual Rotary:

Advancement)

Other Names Used to Describe Methods: Air (mud) rotary drill or downhole hammer with casing drivers, air
rotary casing hammer, air drilling with casing hammer.

Uses_at_Contaminated Sites: Monitoring well installation in unstable consolidated deposits, where loss of

circulation of drilling fluids is a problem, andfor where prevention of cross contamination of aquifers is
important. ’ '

Method_Description: Casing driver advancement: Conventional direct air (mud) rotary drill or downhole

hammer equipment is used in combination with a driver that advances a casing as drilling proceeds (Figure

2.1.5a). Cuttings flow up between the annular space between the drill pipe and the casing. The diameter of the

casing is slightly larger than the bit, so it can be removed when the desired depth is reached. Dual rotary:
advancement: Casing is advanced independently of the drill bit using a rotating stecl casing equipped with a -

carbide studded drive shoe welded to the bottom of the first joint (Figure 2.1.5b). The carbide ring cuts its own
way through the overburden material. Rotary drilling (usually air) takes place simultaneously using a downhole
hammer or tri-cone bit. Drilling can proceed either inside or ahead of the casing. Monitoring well installation
procedures are similar to for hollow-stem auger, but casing removal is a little more difficult.

Method Selection Considerations: Advantages: (1) Compared to open hole methods, holes are straighter and
better geologic samples are collected because uphole erosion and contamination is eliminated; (2) drill-through
casing methods work well in difficult conditions, such as unconsolidated deposits with cobbles and boulders; and
(3) air requirements are also reduced compared to open hole air rotary and downhole hammer methods; (4) soft,
caving formation can be drilled. Disadvantages: (1) Problems might be encountered in driving casing and pulling
it back for well installation in consolidated rock; (2) more expensive due to added time and materials; (3) driving
of the casing also is very noisy; (4) not in common use throughout the United States, so might not be available
in some areas; (5) might be difficult to pull back casing if driven deeper than about 50 feet. Aller et al. (1991)
give air rotary with casing hammer top ratings compared to other drilling methods for shallow (<15 feet) large-
diameter (4 to 8 inch) monitoring wells in most categories, and for small to medium diameter (up to 4 inches)
monitoring wells in unsaturated unconsolidated material greater than 150 feet (see Table 2.1.5).

Frequency of Use: With unconsolidated material, generally only used in situations where hollow-stem augers have
problems (coarse gravels; cobbles, boulders) or where prevention of cross-contamination between aquifers is
critical. Casing advancement methods in consolidated rock are being used with increasing frequency as a means
of insuring integrity of well installation.

Standard Methods/Guidelines: --

Sources for Additional Information: Rotary casing driver: Aller et al. (1991), Driscoll (1986), Hix (1991),
Woessner (1987, 1988); Dual rotary: Hix (1991).
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Table 2.1.5 Air Rotary with Casing Hammer Drilling Method Suitability Ratings

I
UNCONSOLIDATED MATERIAL ’vj
!
Depth MW Saturated Unsaturated E
() Diameter ______ = ______ ______ mmm__ il
- i
Invasion (+) Invasion (-) Invasion (+) Invasion (-) g;
f
!
<2" 57 (29-75)° 59 (27-75) 59 (32-79) 59 (44-75) {
0-15 24" 58 (30-68) 62 (28-72) 60 (24-79) 62 (37-77) ke
48" 69 (61-69) 64 (46-74) 63 (48-64) 71 (58-71) i
<2 60 (23-67) 65 (30-69) 64 (24-76) 63 (35-79) I
15-150 24" 60 (21-69) 67 (24-68) 65 (19-72) 63 (25-73) I
4-8" NA NA ‘ NA NA
<2" 60 (60-69) 69 (66-72) 65 (54-65) 73 (65-73) i
>150 24" 60 (58-66) 74 (67-74) 65 (56-65) 68 (60-70) oM
4-8" NA NA NA ) ' NA A

CONSOLIDATED MATERIAL

| i

Depth MW Saturated/Unsaturated i |
' [}
j i

Diameter __ ____ ______
Invasion (+) Invasion (-)
—- 24 NA (55-75) NA (68-74) R
—- 48 NA (64-77) NA (80) ki
{
H

Boldface = Highest rating or within a few points of highest rating.
NA = Not applicable. ,

*Numerical rating for drilling method in Appendix B, Aller et al. (1991).
YRange of numerical ratings of applicable methods (perfect score = 80).
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2. DRILLING AND SOLIDS SAMPLING METHODS
2.1 DRILLING METHODS
2.1.6 Casing Advancement: Reverse Circulation (Rotary, Percussion Hammer, and Hydraulic Percussion)

Other Names Used to Describe Method: Numerous terms are used to describe reverse circulation methods.
Two casings (dual-wall or dual-tube) or three casings can be used (triple-wall). Reverse circulation rotaty drilling
methods can use air rotary with bit or downhole hammer (Section 2.1.2), or mud rotary (Section 2.1.3). The
percussion hammer method should not be confused with the air rotary with downhole hammer method (Section
2.1.2). Hydraulic percussion is also called the hollow-rod method.

Uses at Contaminated Sites: Installing monitoring wells where unconsolidated formation materials are unstable,
coarse alluvium, and/or the interaquifer cross-contamination must be minimized.

Method Description: Reverse circulation dual-wall rotary: Similar to air rotary roller-cone bit or downhole
hammer with casing driver (Section 2.1.2), except that air is circulated down the annular space between the casing
and the drill pipe to the bit, and cuttings are brought to the surface through the drill pipe (Figure 2.1.6). Reverse
circulation dual-wall percussion hammer: The percussion hammer operates on the same principle of reverse
circulation as the dual-wall rotary method but the drive method is distinctly different. Either dual- or triple-wall
casing configurations can be used. The top of the dual pipe string is attached to the drive spout, which allows
compressed air to be delivered to the annulus between the outer and inner pipes, and cuttings to be discharged
from the inner pipe through a flexible hose to a cyclone. A tempered-steel anvil mounted on top of the drive
spout assembly receives the blows of the percussion hammer mounted on the mast of the drill rig. Special dual-
wall or triple-wall drill bits are used for cutting into the formation and no rotation of the bit occurs, which is a
primary distinguishing feature from dual-wall rotary drilling. Hydraulic percussion: Similar to the jet-percussion
methods (Section 2.1.8), except that a ball check valve exists between the bit and lower end of the drill pipe.
The annular space between the drill rods and well casing is filled with water and the drill rods and bit are lifted
and dropped with quick, short strokes. When the bit drops and strikes bottom, water with cuttings in suspension
enters the ports of the bit, and the water and cuttings are trapped inside the drill pipe by the check valve when
the bit is lifted. This reciprocating motion produces a pumping action that brings the water and cuttings to the
surface where they are discharge into a settling tank. Water is returned to the hole from the settling tank.
Casing is driven as drilling proceeds.

Method Selection Considerations: Reverse Dual-Wall Rotary Advantages: In addition to the advantages of other
casing advancement methods of providing borehole support, minimizing cross-contamination, and minimizing
problems with lost circulation, the method: (1) Produces larger sized chip particles than conventional rotary
equipment resulting in very good continuous, representative formation samples with minimal risk of
contamination of samples and/or water-bearing zones; (2) drilling is very rapid (usually between 40 and 80 feet
per hour) in both unconsolidated and consolidated formations; (3) excellent for drilling and sampling in
formations which are highly fractured and/or have voids and cavities; (4) aquifers can be readily identified when
drilling with air; (5) large diameter wells can be easily installed using triple-wall percussion hammer; (6) estimates
of aquifer yield can be made easily at many depths in the formation; (7) washout zones are reduced or
eliminated; and (8) relatively déep wells are possible (up to 1400 feet in alluvial deposits, although works best
" up to 600 feet and generally up to 2,000 feet in hard rocks). Reverse Dual-Wall Rotary Disadvantages: (1)
Monitoring well installation can be tricky with the dual-wall configuration due to limitations in the annular space;
(2) open hole completion is required for installation of a filter pack; (3) formation might become contaminated
with oil if air filter is not working propetly on air rotary rigs; (4) limited to holes greater than 9 to 10 inches in
diameter; (5) well-trained drilling crews are needed, and equipment has limited availability; (6) drilling costs are
high due to high cost of drilling rig and equipment; and (7) placing cement grout around the outside of the casing
above the screen of the permanent well is difficult, especially when the screen and casing are placed down
through the inner drill pipe before it is pulled out. Aller et al. (1991) give dual-wall reverse rotary highest
ratings compared to other drilling methods for deep wells (>150 feet) in unconsolidated material and the
following situations: (1) Small diameter monitoring wells (<2 inches) in saturated conditions, and (2) medium
monitoring wells (2 to 4 inches) in unsaturated conditions (see Table 2.1.6). Percussion Hammer Advantages:
(1) Able to penetrate alluvial formation with sands, gravels, and boulders at rapid speed; (2) provides continuous
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Table 2.1.6 Dual-Wall Rotary Drilling Suitability Ratings

UNCONSOLIDATED MATERIAL

Depth MW Saturated Unsaturated

(ft.) Diameter _ __ ___ o ____ . e ______

Invasion (+) Invasion (-) Invasion (+) Invasion (-)

<2" 56 (29-75)° 56 (27-75) - 57 (32-79) 64 (44-75)

0-15 24" 56 (30-68) 54 (28-72) 57 (24-79) 59 (37-77)
4-8" NA NA NA NA

<2" 63 (23-67) 64 (30-69) 61 (24-76) 64 (35-79)

15-150 24" 61 (21-69) 57 (24-68) 62 (19-72) 52 (25-73)
4-8" NA NA NA NA

<2" 69 (60-69) 72 (66-72) 64 (54-65)‘ 69 (65-73)

>150 24" 58 (58-66) 70 (67-74) 65 (56-65) 70 (60-70)
NA

4-8" NA NA NA

CONSOLIDATED MATERIAL

Depth MW Saturated/Unsaturated
Diameter e e
Invasion (+) Invasion (-) |
- 24" 68 (55-75) 68 (68-74)
- 4-8" NA (64-77) NA (80)

Boldface = Highest rating or within a few points of highest rating.
NA = Not applicable.

*Numerical rating for drilling method in Appendix B, Aller et al. (1991).
*Range of numerical ratings of applicable methods (perfect score = 80).
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and accurate geological samples--soft seams, organic layers, and whole rock cobbles up to 4 inches in diameter
can be lifted without prior crushing; (3) split spoon samples can be taken through the hollow center of the dual
wall pipe; and (4) location of aquifers can be pinpointed with high precision because once the drive bit has
progressed beyond the aquifer, the sample become dry again. Percussion Hammer Disadvantages: (1) Dual-wall
pipe that is used is expensive and has limited inside diameter; and (2) diesel soot expe]lled by the pile driving
hammer might result in some downhole contamination. Hydraulic Percussion: The main advantage is that
relatively simple equipment is required, but use is limited to drilling small-diameter wells through clay and sand
formations that are relatively free of cobbles and boulders. -

Frequency of Use: Reverse dual-wall rotatry is most commonly used in the southwestern United States.
Percussion hammer has become quite popular for drilling monitoring wells in the west. The hydraulic percussion
method has rarely been used to monitor well construction.

Standard Methods/Guidelines: ASTM (1993d).

Sources for Additional Information: Reverse dual-wall rotary Aller et al. (1991), Campbell and Lehr (1973),
Driscoll (1986); Percussion hammer: Hix (1991); Hydraulic percussion: Driscoll (1986). See also, Table 2-4.
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2. DRILLING AND SOLIDS SAMPLING METHODS
2.1 DRILLING METHODS |
2.1.7 Casing Advancement: denhole Casing Advancers (ODEX, TUBEX)

Other Names Used to Describe Method: Down-the-holer hammer drill with underreaming capability, downhole
hammer with eccentric bit. . ; ,

Uses at Contaminated Sites: Monitoring well installation in bouldery glacial till or hard or fractured bedrock,
and where prevention of cross contamination of aquifers is important.

Method Description: Downhole casing advancers are similar to drill-through casing drivers using downhole air
hammer (see Section 2.1.5), except that eccentric (off-centered) bits drill a hole larger than the casing. Figure
2.1.7 illustrates major elements of the ODEX drilling assembly and method of operation. The weight of the
casing, plus blows from the hammer (which are directed onto a drive shoe welded to the leading edge of the
casing) are enough to advance the casing through hard formations. When the desired depth has been reached,
the eccentric bit is rotated briefly in the reverse direction, causing it to become smaller than the casing, so that
it can be removed. Monitoring well installation procedures are similar to for hollow-stem auger, but casing
removal is a little more difficult.

Method Selection Considerations: Advantages: (1) Compared to open hole methods, holes are straighter and
better geologic samples are collected because uphole erosion and contamination is eliminated; (2) most methods
can advance through difficult formations such as cobbles, boulders, caliche, heaving sands, weathered bedrock,
and clay; and (3) air requirements also are reduced for air rotary and percussion methods. Disadvantages: (1)
Relatively expensive due to slower drilling and materials; and (2) casing removal after well installation might be
difficult. - :

Frequency of Use: In unconsolidated material, generally only used in situations where hollow-stem augers have
problems (coarse gravels, cobbles, boulders, and heaving sands) or where prevention of cross-contamination
between aquifers is critical. Casing advancement methods in consolidated rock are being used with increasing
frequency as a means of insuring integrity of well installation.

Standard Methods/Guidelines: --

Sources for Additional Information: Aller et al. (1991), Baker et al. (1987-ODEX), Hix (1991), Murphy (1991~
ODEX/TUBEX). ‘
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2. DRILLING AND SOLIDS SAMPLING METHODS
2.1 DRILLING METHODS
2.1.8 Jetting Methods

Other Names Used to Describe Method: Jetting: Wash boring*; Jet percussion: Wash boring*.

Uses at Contaminated Sites: Monitoring well/piezometer installation in unconsolidated deposits.

Method Description: The jetting or wash drilling method (Figure 2.1.8a) involves a wash pipe placed inside a
well screen, or a string of 2-inch pipe is set adjacent to the well point. Water is pumped into the casing (in the
first instance) or into the pipe string (in the second instance) and the resulting jet of water allows the well screen
and casing to sink into the water-bearing formation by its own weight. Cuttings are brought to the surface by
water rising outside the casing/jet pipe. At depths below 25 feet or so, a drilling fluid additive must be mixed
with the jetting water to suspend cuttings and stabilize the borehole when circulation is interrupted. The jet
percussion or wash boring method uses a wedge-shaped drill bit at the end of a drill pipe attached to a cable,
which is alternately raised and dropped to loosen unconsolidated material or to break up rock at the bottom of
a borehole (Figure 2.1.8b). The drill pipe is rotated by hand at the surface. A casing is advanced by a drive pipe
as the depth of the hole increases. Water or drilling fluid is pumped down the drill pipe under pressure, is
discharged through ports on each side of the drill bit to lubricate the bit, carries cuttings up the annular space
between the drill-pipe and casing to the surface, and deposits the cuttings in a settling pit. The drilling fluid is
then recirculated down the drill pipe.

Method Selection Considerations: Jetting Advantages: (1) Simple, light equipment eliminates need for a drilling
contractor; (2) fast and inexpensive for shallow boreholes in unconsolidated sediments; (3) vertically spaced
ground-water samples can be obtained if drive points are forced ahead of borehole and pumped; (4) drilling
equipment can reach almost any site; and (5) numerous well points can be placed as an inexpensive method to
determine water table contours/flow direction. Jetting Disadvantages: (1) Slow, especially at depth; (2) maximum
depth of 100 to 150 feet; (3) can only be used in unconsolidated sediment and cannot penetrate boulders or wash
up coarse gravel; (4) wash water can dilute formation water, affecting representativeness of samples; (5)
interpretation of geology from wash samples is difficult (in cohesive soils and silts it might be possible to use
sampling devices to obtain representative or undisturbed samples); (6) only short screens can be easily set; (7)
water must be supplied under enough pressure to penetrate the geologic materials present and large quantities
of water might be required; (8) use of drilling fluid additives and entrained air might affect sample quality; (9)
not possible to place grout seal above the screen to assure depth-discrete sampling or isolation of different water-
bearing zones; and (10) diameter of casing usually limited to 2 inches, which places some limitation on sampling
tools that can be used. Jet Percussion Advantages: (1) Most effective in unconsolidated sands and best
application is a cinch borehole with 2-inch casing and screen installed, sealed, and grouted; and (2) equipment
and operation are simple and relatively inexpensive. Jet Percussion Disadvantages: (1) Slow and not effective
in dense clay/ill or bouldery material and drilling mud might be required to return cuttings to the surface; (2)
use of water during drilling can dilute formation water and cause cross-contamination; (3) no formation water
sample can be taken during drilling; (4) poor soil samples as a result of fines being washed out of sample; and
(5) monitoring-well diameter limited to 4 inches and to depths of about 200 feet. Aller et al. (1991) gave this
method consistently the lowest ratings compared to other drilling methods in their matrices for selecting
appropriate drilling methods (see Table 2.1.8). :

Frequency of Use: Uncommon for monitoring well installation.

" Standard Methods/Guidelines: --

Sources for Additional Information: Jetting: Driscoll (1986), Mickelson et al. (1961), Moulder and Klug (1963);
Jet percussion: Aller et al. (1991), Driscoll (1986), Matlock (1970).

_ *The term "wash boring" can be used to describe the jetting method in water well applications (Driscoll, 1986)
and to describe the jet percussion method in geotechnical applications. This guide uses the terms jetting and
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Table 2.1.8 Jet Percussion Suitability Ratings

UNCONSOLIDATED MATERIAL

Depth MW Saturated
(ft.) Diameter

Invasion (+) Invasion (-) Invasion (+)

Unsaturated

Invasion (-)

29° (29-75)° NA 32 (32-79)
30 (30-68) NA 24 (24-79)
NA NA NA

23 (23-67) 24 (24-76)
21 (21-69) 19 (19-72)
NA NA

NA NA
NA NA
NA NA

NA
NA
NA

NA
NA
NA

NA
NA
NA

CONSOLIDATED MATERIAL

Depth MW : Saturated/Unsaturated
Diameter :

Invasion (+) Invasion (-)

24" NA NA
48" NA NA

NA = Not applicable.

*Numerical rating for drilling method in Appendix B, Aller et al. (1991).
*Range of numerical ratings of applicable methods (perfect score = 80).




to avoid possible confusion. Whenever this term is encountered, the operation of the method

ussion

should be evaluated to determine whether jetting or jet percussion is involved.

jet perc
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- 2. DRILLING AND SOLIDS SAMPLING METHODS
2.1 DRILLING METHODS
2.1.9 Solid Flight and Bucket Augers

Other Names Used to Describe Method: Solid-stem auger, solid-core auger, continuous flight auger,
helical/worm-type auger, disk auger, rotary bucket drilling.

Uses at Contaminated Sites: Investigating shallow soil and vadose monitoring wells (lysimeters); monitoring wells
in saturated, stable soils; identifying depth to bedrock.

Method Description: Solid flight augers: Auger sections with a solid stem and flighting (the curve corkscrew-like
blades) are connected in a continuous string to the lowermost section with a cutting head that is approximately
2 inches larger in diameter than the flighting (Figure 2.1.9a). Cuttings-are rotated upward to the surface by
moving along the continuous flighting as the cutting head advances into the earth (Figure 2.1. 9b); making it
difficult to obtain reliable depth-specific soil samples from the cuttings that are brought to the surface. In stable
soils, rotation can be stopped at the desired depth, the augers removed from the borehole, and samples taken
from the bottom flight. Use of different diameter augers allows placement of casing to isolate near-surface
contamination, and continuation of drilling with a smaller-diameter auger. Recovery of samples from the
saturated zone is difficult. The only way to collect undisturbed samples is to remove the auger string, attach a
split-spoon or thin-wall sampler to the end of the drill rod and put the entire string back into the borehole. A
disk auger is similar to a solid flight auger except that it has a larger diameter and the flighting only goes around
the stem once. Bucket augers (8-inch minimum diameter and typically 2 feet long) have a cutting edge on the
bottom that is slowly rotated by a square telescoping Kelley of drill stem. When the bucket fills with cuttings,
it is brought to the surface to be emptied. Figure 2.1.9¢ illustrates several types of bucket augers. Other variants
in include the spoon auger and the Vicksburg hinged auger.

Method Selection Considerations: Solid Stem Auger Advantages: (1) In unconsolidated material, drilling rigs are
fast and mobile; and (2) minimal damage to aquifer and no drilling fluids or lubricants required. Solid Stem
Auger Disadvantages: (1) Soil samples are unreliable unless split-spoon or thin-wall samples are taken, slowing
drilling speed, and those can only be taken where stable soils exist; (2) generally unsuitable for monitoring-well
installation in the saturated zone because of borehole caving upon auger removal; (3) depth generally restricted
to 30 meters or less; (4) because auger must be removed before well can be set, vertical mixing can occur
between water-bearing zones; (5) can only be used in unconsolidated materials; (6) depth to water table might
be difficult to determining accurately in deep borings; and (7) drilling through a contaminated soil zone might
result in downward transport of contaminants. Aller et al. (1991) give consistently low ratings compared to other
drilling methods in unconsolidated saturated material, and the methods usually rate second highest, after hollow-
stem auger, for most unsaturated conditions (see Table 2.1.9). Bucket Auger Advantages: (1) Good for
construction wells just into the water table in unconsolidated formations that form stable borehole walls, such
a clayey sediments walls; (2) after hole has been drilled, the setting of casing with screen and grouting outside
to casing is relatively easy; (3) soil samples taken with a bucket auger are disturbed, but representative, unless,
caving of the borehole has occurred; and (4) depth specific sampling and detailed in situ soil descriptions might
be possible if the diameter of the boring is large enough to let a person work in the hole. Bucket Auger
Disadvantages: (1) Large diameter holes create a large annular space when small-diameter casing is used,
necessitating a large volume of grout, and special care in grout placement and backfilling; (2) in caving
formations below the water table, water must be added continuously to prevent caving; (3) restricted to.depths
less than about 50 feet; and (4) rigs might not be readily available.

Frequency of Use: Solid stem auger: Most commonly used for geotechnical investigations in unconsolidated
material. Less commonly used for monitoring well installation because most installations need to be completed

into the saturated zone. Bucket auger: Most commonly used for large-diameter borings associated with
foundations and building structures.

Standard Methods/Guidelines: -~
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Figure 2.1.9 Power-driven augers: (a) Diagram of solid-flight auger (Aller et al., 1991); (b) Relationship of surface }
cuttings and subsurface (Scalf et al., 1981); (c) Bits for power bucket augers (U.S. Army, 1981). f
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Table 2.1.9 Solid Flight Auger Suitability Ratings

UNCONSOLIDATED MATERIAL

Depth MW Saturated Unsaturated
(ft.) Diameter  _ __ _ _ e
Invasion (+) Invasion (=) Invasion (+) Invasion (-)
<2" 44° (29-75)° 27 (27-75) 70 (32-79) 70 (44-75)
015 24" - 41 (3068) 28 (28-72) 70 (24-79) 68 (37-77)
4-8" NA 46 (46-74) 60 (48-64) NA
<2" . 37 (2367) NA 69 (24-76) 70 (35-79)
15-150 24" 32 (2169 24 (24-68) 50 (19-72) 58 (25-73)
4-8" - NA - NA NA NA
<2  NA NA NA NA
>150 24" " NA NA NA NA
4-8" NA NA NA NA

CONSOLIDATED MATERIAL

Depth MW Saturated/Unsaturated
Diameter _ _ ____  ______
Invasion '(+) Invasion (-)

- 2-4" NA NA

-- 4-8" NA NA

NA = Not applicable.

*Numerical ratiﬁg for drilling method in Aﬁpé@dk B, Aller et al. (1991).
*Range of numerical ratings of applicable methods (perfect score = 80).
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Sources for Additional Information: Selid flight auger: Aller et al. (1991), Driscoll (1986), Geeting (1990-
enclosed auger), Scalf et al. (1981), Shuter and Teasdale (1989), U.S. EPA (1987); Bucket auger: Driscoll (1986),
Scalf et al. (1981), U.S. EPA (1987). A
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2. DRILLING AND SOLIDS SAMPLING METHODS

2.1 DRILLING METHODS

2.1.10 Rotary Diamond Drilling

Other Names Used to Describe Method: Diamond drilling.

Uses at Contaminated Sites: Borehole drilling and coring in consolidated rock.

Method Description: Rotating bit consists of a tube 10 to 20 feet long, with a diamond-studded ring fitted to the
end of the core barrel. Figure 2.1.10 illustrates a typical diamond drilling rig. The bit can also be attached to
either an air or a mud rotary rig (Sections 2.1.2 and 2.1.3). Typically water circulates through the bit to cool the

cutting surface. The diamond bit cuts through rock, with a solid core remaining in the tube. In soft and medium
formations sawtooth or carbide tips can be used.

Method Selection Considerations: Advantages: (1) Can drill to any depth; (2) provides continuous cores of
geologic material for accurate geologic logging; (3) especially useful for locating and characterizing fracture
zones; and (4) can be used with mud or air rotary rigs. Disadvantages: (1) Limited primarily to use in
consolidated bedrock, but can also be used in highly compacted tills; (2) cooling water or drilling fluids might
alter chemistry of ground-water samples, especially when it penetrates deeply into highly fractured rock
(placement of tracers in drilling fluid can be used to determine whether ground-water samples have been
influenced by the drilling water; (3) diamond bits are more expensive than conventional roller bits; and (4) slow
compared to most other methods.

Frequency of Use: Commonly used for mineral exploration in crystalline rock; less commbn]y used for monitoring
well installation.

Standard Methods/Guidelines: ASTM (1983b), DCDMA (1991).
Sources for Additional Information: Barrett et al. (1980), Bowman (1911), Christensen Diamond (1970),

Cumming and Wickland (1965), Gillham et al. (1983), Heinz (1985), Shuter and Teasdale (1989), World Oil
(1970).
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2. DRILLING AND SOLIDS SAMPLING METHODS
2.1 DRILLING METHODS

2.1.11 Directional Drilling

Other Names Used to Describe Method: Radial/horizontal drilling, conical jet drilling, slant rig drilling.

Uses at Contaminated Sites: Installing horizontal or slanting wells for geophysical measurement or vadose zone
monitoring; conducting soil and ground-water remediation (pump-and-treat, grouting, soil gas vacuum extraction,
bioventing, in situ remediation, and soil flushing).

Method Description: Directional drilling involves use of drilling equipment located at the ground surface to drill
slanting or horizontal holes in the subsurface. All directional drilling systems require: (1) A steerable drill stem,
and (2) the capability to detect the location of the drill head or trajectory of the borehole. Directional drilling
equipment with potential for applications at contaminated sites range in size from scaled-down rigs developed
for the oil industry to relatively compact, simple equipment used to install utilities. Eastman-Christensen (EO)
has developed a custom-equipped drill rig with a slanting rig mast capable of being oriented from the vertical,
to 60 degrees from vertical, which can drill horizontally on a 100-foot radius (Figure 2.1.11a). The drilling
assembly consists of a dual-wall drill string and an expandable bit, which drills a hole large enough to permit
casing to be advanced during drilling. The drill bit is guided using measurement from a tool face indicator, which
.records the inclination of the drilling assembly. When the well is drilled to the desired length, the inner drilling
assembly is withdrawn and the well screen installed. A horizontal section of screen greater than 500 feet in
length can be accurately placed’ at target depths from around 10 feet to greater than 300 feet. Several radial
drilling systems have been developed. In these systems a relatively large diameter vertical hole is first drilled
and cased. Specific systems vary somewhat, but have the common elements of a vertical drilling string or
assembly with a nonrotating orientation assembly or whipstock at the depth of interest that guides a flexible drive
pipe from the vertical to horizontal direction (Figure 2.1.11b). Two types of drilling methods have been reported
for radial drill holes: (1) A mud rotary system with a top-drive hydraulic rotary rig (Kaback et al., 1989), and (2)
Petrolphysics conical jet drilling system, which uses a nozzle designed to produce a conical shell of high velocity
water that also serves to advance the drill pipe. With the jet drilling system, multiple laterals (as many as 12)
up to 200 feet or more can be placed at several levels using the same vertical well (Figure 2.1.11b). Utility rigs
use an initially inclined borehole and develop a trajectory that is similar to the EC rig described above, except
that the equipment is smaller and less sophisticated. Boring methods include jet-assisted rotary, above-ground
hydraulic percussion, water jet, down-hole pneumatic percussion, or down-hole pneumatic motor. Drill head
location is monitored using a radio transmitter in the drill head and a receiver at the surface over the drill head.
Boring lengths greater than 500 feet at depths of 3 to 20 feet are possible. Greater depths require specialized
monitoring equipment. Equipment can be mobilized behind a pickup truck.

Method Selection Considerations: Advantages: (1) Allows borehole access to subsurface areas such as beneath
buildings, tanks, landfills, and impoundments where vertical drill rigs cannot go; (2) reduces potential for cross-
contamination between aquifers; (3) excellent for remediation techniques that require maximum horizontal access
to contaminated zone or contaminant plumes that are not vertically dispersed; (4) production from horizontal
wells generally is higher than from vertical wells due to greater possible screen length; (5) Petrolphysics radial
jet drilling is very rapid in bedrock (1/2 foot per minute in granite, more than 1 foot per minute in sedimentary
rock); and (6) cost of drilling with utility rigs is similar to vertical drilling with an auger rig. Disadvantages: )
There has been relatively little actual experience using directional drilling methods at contaminated sites, and
value for site characterization and monitoring (as opposed to remediation) has yet to be demonstrated; (2)
drilling costs are high for petroleum industry-related equipment (100 to several hundred dollars a foot); (3) utility
rigs, although less expensive than petroleum rigs, have more limited depth capabilities (around 20 feet compared
to 300 feet for EC slant rig)*; (4)-equipment that uses water or other fluids to advance the well bore might affect
quality of samples; (5) sampling capabilities are currently limited.

Frequency of Use: Small-scale equipment is widely used to install underground utilities. Use of large scale
drilling is well established in the petroleum industry. At contaminated sites, test applications have focussed on
remedial activities, but good potential exists for use with geophysical and other vadose monitoring methods.
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Figure 2.1.11 Directional drilling methods: (a) Eastman-Christensen slant rig (Metcalf and Eddy, 1991); (b)
Petrolphysics rig with a shallow radial system (U.S. EPA, 1992).
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Standard Methods/Guidelines: --

Sources for Additional Information: See Table 2-4.

*Depth limitations of utility rigs are a result of locating methods. New locators that send signals up the drill steel
are expected to expand the depth capabilities of small rigs.
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2. DRILLING AND SOLIDS SAMPLING METHODS

2.1 DRILLING METHODS

2.1.12 Sonic Drilling

Other Names Used to Describe Method: Vibratory drilling, rotosonic drilling.

Uses at Contaminated Sites: Continuous sampling and monitoring well installation in unconsolidated and
soft/fractured bedrock.

Method Description: A sonic rig uses an oscillator, or head, with eccentric weights driven by hydraulic motors,
to generate high sinusoidal force in a rotating drill pipe (Figure 2.1.12a). The frequency of vibration (generally
between 50 and 120 cycles per second) of the drill bit or core barrel can be varied to allow optimum penetration
of subsurface materials. A dual string assembly allows advancement of casing with the inner casing used to
collect samples. Small amounts of air or water can be used to remove the material between the inner and outer
casing. Very rapid rates of drilling are possible; Dustman et al. (1992) report 160 feet/day in sandy terrace
deposits over glacial till and weathered sandstone. When a drill bit is used, most of the cuttings are forced into
the borehole wall. A thin-wall or split spoon sampler can be used to obtain continuous samples. The head of
the rig tilts outward to allow easy access for threading and sample extraction (Figure 2.1.12b). Research in
vibratory drilling techniques date back to the late 1940s, but it is only relatively recently that improvements in
equipment design have made the technique a viable option for investigation of contaminated sites.

Method Selection Considerations: Advantages: (1) Collection of: continuous, relativelyundisturbed unconsolidated
and bedrock cores possible; (2) higher drilling rates than conventional methods (around twice as fast as air rotary
and 8 to 10 times faster than hollow-stem auger and cable tool); and (3) produces about one-tenth the cuttings
of hollow-stem auger and cable tool. Disadvantages: (1) Higher operation, maintenance, and tooling costs
compared to conventional drilling methods; (2) present equipment limited to depths of about 300 feet; (3) drilling
in hard rock generally not recommended; (4) driving of material into borehole wall might create problems for
borehole logging and aquifer testing; and (5) limited equipment availability. ’

Frequency of Use: Uncommon; relatively recent improvements in equipment design will probably lead in
increased use in the future.

Standard Methods/Guidelines: --

Sources for Additional Information: Dustman et al. (1992), Godsey (1993).
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Figure 2.1.12 Sonic drilling: (a) Basic principles of operation; (b) Drill rig (Dustman et al., 1992, by permission).
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2. DRILLING AND SOLIDS SAMPLING METHODS
2.2 DRIVE METHODS

2.2.1 Driven Wells

Other Names Used to Describe Method: Driven wellpoint, piezometers, driven pile.

Uses_at Contaminated Sites: Water level monitoring in shallow formations and small-diameter shallow water
quality monitoring wells. ’ ’

Method Description: A screened well-point attached to metal casing (usually 1.25 to 2 inches in diameter) is
driven by hand or with drive heads mounted on a hoisting device (Figure 2.2.1). Section 6.1.10 provides
additional information on the use of drive points for piezometric measurements, and Section 5.5.3 provides
additional information on driven devices for collection of ground-water samples.” A driven pile method has been
described that involves simultaneously driving two 10- to 12-inch diameter steel cylinder piles with 0.5 inch wall
thickness, one inside the other. The assembly is driven to the desired depth, or until it can be driven no further.
The inner pile is withdrawn, allowing space for installation of a 5-inch diameter well. following installation, the
12-inch diameter pile is removed. A variant of this method has also been used to install relatively shallow

leachate collection wells at a landfill (Miller and Hornsby, 1991).

Method Selection Considerations: Wellpoint Advantages: (1) Relatively low cost of installation allows multiple
observation points; (2) well suited for water level measurements; (3) water samples can be collected at closely
spaced intervals during drilling; and (4) no drilling fluids are introduced into the formation. Wellpoint
Disadvantages: (1) Limited to unconsolidated matérial without coarse fragments; (2) cannot penetrate dense
and/or some dry materials; (3) generally limited to depth of 30 to 50 feet; (4) lack of stratigraphic detail resulting
from the lack of soil samples create uncertainty regarding screened zones and/or cross contamination (penetration’
‘rate can provide some stratigraphic information); (5) steel casing might affect quality of samples and there is no
annular space for completion procedures (a good seal between casing and formation can only be expected if
drilling through loose, well-sorted material that coll apses around the well); (6) only small-diameter ground-water
sampling equipment can be used (2.5-inch diameter casing is the usual maximum); and (7) drive point screen
might become clogged with clay if driven through a clay unit. Driven Pile Advantages: (1) Casing reduces
potential for cross contamination; and (2) no drilling fluids are involved. Driven Pile Disadvantages: (1) Pile
might reduce formation permeability by smearing or compaction; (2) unconsolidated material that can be
penetrated by piles is required; and (3) casing is expensive.

Freguency of Use: Commonly used for water level bbéervations.

Standard Methods/Guidelines: See Section 6.1.10 for piezometer installation.

Sources for Additional Information: Wellpoint: Aller et al. (1991), Driscoll (1986); Driven pile: Kaufman et al.
(1981), Miller and Hornsby (1991).
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2. DRILLING AND SOLIDS SAMPLING METHODS
2.2 DRIVE METHODS

2.2.2 Cone Penetration

Other Names Used to Describe Method: CPT (cone penetration test), cone penetrometry.

e e e i

Uses at Contaminated Sites: Stratigraphic logging in soft soils. When instrumented for pore pressure
measurements, subsurface hydraulic characteristics can be measured (pressure head, soil permeability, and water
bearing zones), and sampling cones allow in-situ sampling of liquids and gases (see Sections 5.5.1 and 5.5.2).
Measuring stress-strain soil properties affecting site seismic response (see Section 3.3.4).

Method/Device Description: The cone penetration test (CPT) involves hydraulically pushing a cone-shaped
instrument into the soil and measuring its resistance to penetration (Figure 2.2.2a). Resistance is measured by
sensitive strain gauges that transmit electronic signals to an automatic data acquisition system (Figure 2.2.2b).
Use of a four-channel piezocone allows estimation of hydraulic properties of the soil by measuring pore pressure
changes in response to the stresses created by the CPT. Porous probe permeameters can be used in a falling-
head orconstant-head mode, as a relatively simple and inexpensive method for determining hydraulic conductivity
in the vicinity of the probe. The seismic cone penetration test is described in Section 3.4.4. Special porous
sampling cones can be used with conventional cone-penetration equipment, which allow collection of soil-gas or
ground-water samples from a desired depth by lowering specially designed vials down the casing to the cone (see
descriptions of Hydropunch in Sections 5.5.1 and the BAT system in section 5.5.2).

Method/Device Selection Considerations: Best used in initial site characterization to help in siting of monitoring
wells. Works most efficiently in soft soils. Continuous measurement of soil properties minimizes the possibility
of overlooking thin strata that could influence soil behavior. No contaminated fluids are produced by
measurements of hydraulic properties. One-time samples helpful for characterizing the extent of contaminant

plumes, but not suitable for ongoing monitoring.

Freguency of Use: Commonly used in geotechnical investigations. Use at hazardous waste investigations should
become more common as experience is gained in using conme penetration equipment for hydrologic
characterization and sampling for preliminary site characterization.

Standard Methods/Guidelines: ASTM (1986a,b).

Sources for Additional Information: See Table 2-4. Hydraulic conductivity testing: Petsonk (1985), Sai and
Anderson (1991). See also, Sections 5.5.1 and 5.5.2 and Table 5-5.
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2. DRILLING AND SOLIDS SAMPLING METHODS

2.3 HAND-HELD SOIL SAMPLING DEVICES

2.3.1 Scoops, Spoons, and Shovels

Other Names Used to Describe Method: Trowels, spades, soil punch, soil moisture tin.
Uses at Contaminated Sites: Sampling of near surface soils. ~

Method Description: Spoons (from 10 to 100 gram capacity), scoops (with capacity typically ranging from 300
to 2000 grams), and shovels or shovel-like instruments, such as trowels, can be used separately or in combination
to collect samples. Stainless steel is the most common type used; plastic or Teflon-coated are also available.
A shovel is usually used to remove the top cover of soil to the desired depth, and spoons or scoops are used for
actual sampling. Use of trenches to provide a vertical exposure allows use of soil punches or soil moisture tins,
either vertically or horizontally, to collect samples of a known volume (see Figure 2.3.1).

Method Selection Considerations: Scoops and Spoons Advantages: (1) Inexpensive and readily available; (2) can
be easily decontaminated, or discarded to reduce sampling time; (3) can be transported to remote areas; and (4)
easy to obtain relatively large sample volumes. Scoops and Spoons Disadvantages: (1) Samples are disturbed,
so measurements requiring undisturbed soil cannot be taken; (2) reproducibility of sample sizes might be poor
when area and/or volume are critical for accurately characterizing the degree of contamination; and (3) limited
to near-surface sampling (deeper than 50 centimeters becomes very labor intensive). Shovels: Similar to scoops
and spoons except they are more expensive. Soil punches have the advantage that a precise volume of soil is
sampled, which allows for the calculation of other properties, such as bulk density. See also, Table 2-3.

Frequency of Use: Commonly used for near-surface sampling for initial screening purposes.

Standard Methods/Guidelines: Boulding (1991), Ford et al. (1984).

Sources for Additional Information: --
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Figure 23;1 Procedure for collecting sample with soil moisture tin (Cameron et al., 1966).
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2. DRILLING AND SOLIDS SAMPLING METHODS

2.3 HAND-HELD SOIL SAMPLING DEVICES

23.2 Augers

Other Names Used to Describe Method: Screw auger, helical auger, closed spiral auger, opern spiral auger, worm

auger, bucket auger, barrel auger (standard, sand, mudj/clay, dutch, in situ soil recovery, stony soil, planer, post-
hole/Iwan-type, silage), spiral auger, ram’s horn auger. '

Uses at Contaminated Sites: Collecting disturbed soil samples; used in combination with tube samplers for
collecting undisturbed soil samples.

© Method Description: Hand-held augers consist of an auger bit, a solid or tubular drill rod, and a "T" handle
(Figure 2.3.2a). When the drill rod is threaded, extensions can be added -or auger bits interchanged. The auger
tip bites into the soil as the handle is rotated, and soil retained on the auger tip is brought to the surface and
used as the soil sample. Alternatively, angers can be used to bore to the desired sampling depth, and a tube
sampler replaced for collection of the actual sample. Many types of auger bits are available: Screw-type (Figure

2.3.2a), bucket-type (Figure 2.3.2b), and spiral-type (Figure 2.3.2c). Table 2.3.2 describes the applications and

special limitations of ten types of augers. Hand-held power screw augers, requiring one or two people to operate,
can also be used. ASTM (1980) provides descriptions of about a dozen types of hand-held and machine-operated

augers.

Method Selection_Considerations: General Advantages: (1) Relétively inexpensive, readily available, and most

types can be easily operated by one person; and (2) depending on the type, larger volumes of soil can be obtained
compared to hand-held tube samplers (Section 2.3.3). General Disadvantages: (1) Difficult to know the exact
depth from which sample comes; (2) cross-contamination of samples from lower depths by cave-in or sloughing
of borehole walls is common (can be reduced by use of in situ soil recovery auger); (3) samples are disturbed,
so measurements requiring undisturbed soil cannot be taken, and accurate soil profile description is difficult; (4)
disturbance of exposure of soil to air makes most types unsuitable for sampling volatile contaminants; (5)
sampling depth is usually limited to 1 or 2 meters, but up to 3 meters is possible under favorable conditions using
extensions. Screw Auger Advantages: (1) Hand-held types usually penetrate more rapidly than bucket augers
in moist soil; (2) power-driven hand held screw augers allow deep and rapid penetration in cohesive, soft, or hard
soils; (3) open thread provides easy access to sample; and (4) fairly easy to decontaminate. Screw Auger
Disadvantages: (1) Will not retain dry, loose, or granular material; and (2) only suitable for obtaining composite
samples. Truck-driven solid flight augers (Section 2.1.9) yield samples similar to screw augers and have the same
advantages and disadvantages. Bucket Auger Advantages: Variety of types allows selection of auger head for
much wider variety of soil conditions than screw auger and tube sampler. Bucket Auger Disadvantages: (1)
Extraction of sample from closed bucket-types cumbersome; and (2) more difficult to decontaminate than screw
augers.

Frequency of Use: Commonly used for collection of composite near surface samples, and in combination with
tube samplers to collect undisturbed samples.

Standard Methods/Guidelines: ASTM (1980), Boulding (1991), Ford et al. (1984), U.S. EPA (1986b-also covers
sampling from solid flight augers).

Sources for Additional Information: See Table 2-5.
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Table 232 Summary of Hand-Held Soil Augers*

Auger Type

Applications

Limitations

Screw Auger
Standard Bucket Auger

Sand Bucket Auger

Mud Bucket Auger

Dutch Auger

In-Situ Soil Recovery Auger

Eijkelcamp Stony Soil Auger

Planer Auger
Post-Hole/Iwan Auger

Silage Auger

Spiral Auger

Cohesive, soft, or hard soils or
residue

General soil or residue

"Bit designed to retain diy,

loose, or granular material (silt,
sand, and gravel)

Bit and bucket designed for
wet silt and clay soil or residue

Designed specifically for wet
clayey, fibrous, or rooted soils
(marshes)

Collection of soil samples 'in
reusable liners; closed top
reduces contamination from
caving sidewalls

Stony soils and asphalt

Used to clean out and flatten
the bottom of predrilled holes

Cohesive, soft, or hard soils;
readily available

Silage pits and peat bogs
XUsed to remove rock from

auger holes so that borings can
continue with other auger-type

Will not retain dry, loose, or
granular material

Might not retain dry, loose, or
granular material

Difficult to advance boring in
cohesive soils

Will not retain dry, loose, or
granular material

Similar to standard bucket
auger

Will not retain loose material

*Suitable for soils with limited coarse fragments; only the stony soil auger will work well in very gravelly soil.
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2. DRILLING AND SOLIDS SAMPLING METHODS
2.3 HAND-HELD SOIL SAMPLING DEVICES
2.3.3 Tubes

Other Names Used to Describe Method: Soil probe, thin-walled tubes, soil recovery probe, Véihmeyer tube, peat
sampler. v

Uses at Contaminated Sites: Collecting undisturbed soil core samples in the near surface.

Method Description: Basic equipment is similar to augers, except that a closed or open tube with a cutting tip
is attached to the drill rod. Rather than being rotated, the tube is pushed into the soil to obtain a relatively
undisturbed core. Various types of tube samplers are available. Soil probes are usually single units designed
for near-surface sampling. Thin-walled tube samplers are designed to be interchangeable with auger tips, and
for sampling at greater depths by the addition of extensions (Figure 2.3.3a). Veihmeyer tubes are designed to
be driven into the ground, and pulley jacks with grips are available for pulling the sampler out of the ground
(Figure 2.3.3b). The cutting tip on most types of samplers can be replaced if it is damaged by hitting a rock or
when it wears out. Different types of tips are available for use in standard, wet, and dry soils. Tube samplers
are often used in combination with augers, with the augers used to bore a larger diameter hole to the depth of
interest, and the tube sampler used to collect the actual sample. Table 2.3.3 provides additional information on
major types of hand-held tube samplers. ‘

Method Selection Considerations: Advantages: (1) Relatively inexpensive, readily available, and most types can
easily be operated by one person; (2) a relatively undisturbed core can be obtained, from which a soil profile
descriptions can be made; (3) better than augers for sampling volatile contaminants; and (4) when combined with
an auger, depths up to 6 meters can be reached in stable, unconsolidated material without rocks. Disadvantages:
(1) Extraction of core from the tube might be difficult; (2) not suitable for rocky, dry, loose, or granular material,
or very wet soil; (3) might be difficult to drive into dense or hard material, and sometimes difficult to pull from
the ground; and (4) sampling depth is usually limited to 1 or 2 meters.

Frequency of Use: Commonly used for near-surface soil sampling, especially where volatile contaminants are
present.

Standard Methods/Guidelines: Boulding (1991), U.S. EPA (1986b).

Sources for Additional Information: See Table 2-5.
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Figure 23.3 Hand-held thin-wall samplers: (a) Thin-wall tube probe (Rehm et al., 1985, Copyright © 1985, Electric
Power Research Institute, EPRI EA-4301, Field Measurement Methods for Hydrogeologic Investigations: A
Critical Review of the Literature, reprinted with permission); (b) Veihmeyer tube (Brown et al., 1991).
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Table 2.3.3 Summary of Hand-Held Tube Samplers®

Tube Type

Applications

Limitations

Soil Probe
Thin-Walled Tubes
Soil Recovery Probe

Veihmeyer Tube

Peat Sampler

Cohesive, soft soils or residue;
representative samples in soft
to medium cohesive soils and
silts

Cohesive, soft soils or residue;
special tips for wet or dry soils
available

Similar to thin-wall tubes; cores
are collected in reusable liners,
minimizing contact with the air

Cohesive soils or residue to

depth of 3 meters (maximum
of 4.9 meters)

Wet, ﬁbroué, or organic soils

Sampling depth generally
limited to less than 1 meter

Similar to Veihmeyer tube

Similar to Veihmeyer tube v

Difficult to drive into dense or
hard material; will not retain
dry, loose, or granular material;
might be difficult to pull from
ground

Use 11m1ted to organic soils

“Not suitable for soils with coarse fragments.

Source: Adapted from Bouldihg (1991)
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2. DRILLING AND SOLIDS SAMPLING METHODS

2.4 POWER-DRIVEN SOIL SAMPLING DEVICES

2.4.1 Split and Solid Barrel

Other Names Used to Describe Method: Split-spoon, split barrel, Maine-type split barrel, split barrel with liner.
Uses at Contaminated Sites: Collecting distufbed cores in unconsolidated material.

Method Description: Split-spoons are tubes constructed of high strength alloy steel with a tongue and groove
arrangement running the length of the tube, allowing it to be split in half. The two halves are held together by
a threaded drive head assembly at the top, and a hardened shoe at the bottom, with a beveled cutting tip (Figure
24.1). The sampler is driven by a 140-pound weight dropped through a 30-inch interval (ASTM, 1984a), and
the number of blows required to drive the sampler provides an indication of the compaction/density of the
formation being sampled. When the split-spoon is brought to the surface, it is disassembled and the core
removed. Some models have a liner that allows removal of the sample with minimum contact with the air. A
basket or spring retainer can be placed inside the tube near the tip to reduce loss of sample material to the
borehole as the sampler is being withdrawn. Standard geotechnical investigations sample an 18-inch interval for
each 5 feet penetrated. Continuous samples can be taken by augering or drilling to the bottom of the, previously
sampled interval, and repeating the sampling operation. Barrel samplers are similar to split-spoons, except they
cannot be taken apart. A core extruder might be required to remove the core from the barrel. Table 2.4.1
provides additional information on split-spoon and barrel samplers. Ring-lined barrel samplers combine a split-
barrel of a barrel sampler with a thin-walled extension for the collection of minimally disturbed samples.

Method Selection Considerations: Advantages: (1) Sampling depth limited only by the capabilities of the drill
rig and depth to consolidated rock; (2) split-spoon samplers are readily available; (3) provide good samples for
stratigraphic interpretation; and (4) ring-lined barrel samplers can sometimes be used to obtain undisturbed cores
where conventional thin-wall samplers (Section 2.4.3) will not work. Disadvantages: (1) Disturbance of core
samples prevent use for laboratory measurement of formation properties; and (2) collection of continuous
samples is time consuming.

Freguency of Use: Split-spoons are widely used during drilling for stratigraphic characterization, solid barrels are
less commonly used.

Standard Methods/Guidelines: Split spoon: ASTM (1984a), U.S. EPA (1986b); Ring-lined barrel: ASTM (1984b).

Sources for Additional Information: Aller et al. (1991), Barrett et al. (1980), Rehm et al. (1985), Shuter and
Teasdale (1989).
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Figure 2.4.1 Sélit-spoon sampler (Rehm et al., 1985, Copyright © 1985, Electric Power Research Institute, EPRI
EA-4301, Field Measurement Methods for Hydrogeologic Investigations: A Critical Review of the Literature,
reprinted with permission).
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Table 2.4.1 Summary of Major Types of Power-Driven Disturbed-Core Samplers

Sampler Type

Applications

Limitations

Barrel Samplers (Section 2.4.1)

Solid Barrel

Split-Spoon

Rotating Core (Section 2.4.2)

Single Tube

Double-Tube

Sand, silts, or clays

Disturbed samples from
cohesive soils

Dense, unconsolidated and
consolidated formations

Friable, erodible, soluble, or
highly fractured formations

Disturbed core, questionable
recovery and quality below
water table

Ineffective in cohesionless
sands; not suitable for
collection of samples for
laboratory tests requiring
undisturbed soil

Source: Adapted from Rehm et al. (1985) and Aller et al. (1991)
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2. DRILLING AND SOLIDS SAMPLING METHODS

2.4 POWER-DRIVEN SOIL SAWIJ:NG DEVICES

2.4.2 Rotating Core .

Other Names Used to Describe Method: Core barrels, single-tube/wall, double-tube/wall core barrels.

Uses at Contaminated Sites: Collecting disturbed cores in dense, unconsolidated and consolidated formations;
characterizating joints and fractures.

Method Description: See Section 2.1.10 for basic description of diamond coring process. In single-wall tubes,
drilling fluid circulates around the core that has been cut and around the barrel, and exits through the bit (Figure
2.4.2). In double-wall tubes, the drilling fluid circulates between the two walls of the core barrel and does not
come in direct contact with the core being cut (Figure 2.4.2).

Method Selection Considerations: Advantages: (1) Can-provide continuous cores; and (2) double-tube barrels
can provide good recovery even in unconsolidated clays and silts. Disadvantages: (1) Poor recovery of single-
barrel cores in soft, friable, poorly consolidated materials, or soluble or fractured formations due to erosion by
the drilling fluid; (2) rotation results in disturbance of cores (double-barrel sampler reduces disturbance); (3) use
of water or drilling fluids might alter the chemistry of the sample; and (4) time-consuming and high cost of
equipment makes the method expensive. Table 2.4.1 provides additional comparative information on rotating
core samplers.

Frequency of Use: Commonly used in mineral exploration, uncommon at contaminated sites.
Standard Methods/Guidelines: ASTM (1983b), DCDMA (1991).

Sources for Additional Information: Aller et al (1991), Barrett et al. (1980), Rehm et al. (1985), Shuter and
Teasdale (1989).
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Figure 2.42 Single-tube and double-tube core barrels (Rehm et ai., 1988, Copyright © 1988, Electric Power

Research Institute, EPRI EA-4301, Ficld Measurement Methods for Hydrogeologic Investigations: A Critical
Review of the Literature, reprinted with permission).
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2. DRILLING AND SOLIDS SAMPLING METHODS
2.4 POWER-DRIVEN SOIL SAMPLING DEVICES
2.4.3 Thin-Wall Open Tube

Other Names Used to Describe Method: Shelby tube, thin-wall sampler, continuous sample tube, ring-lined barrel
sampler. See also, ring-lined barrel sampler in Section 2.4.1

Uses at Contaminated Sites: Collecting undisturbed soil and unconsolidated core samples.

Method Description: Thin-wall samplers must meet the following criteria: (1) A clearance ratio of 0.5 to 1.5
(inside diameter of tube, minus the inside diameter of the opening, divided by the inside diameter of the
' opening), and (2) an end area ratio--total area of the sampler (outside diameter) to the wall thickness area
should be Jess than 10 percent (Figure 2.4.3a). Sample collection procedure is similar to split-spoon sampling,
except that the tube is pushed into the soil using the weight of the drill rig, rather than driven. The use of a
continuous thin-wall sampler with a hollow-stem auger (Section 2.1.1) avoids the time delays involved in
collection of continuous cores from conventional thin-wall samplers. A 5-foot thin-wall tube is placed down the
stem of the auger. The tube is attached to a nonrotating sampling rod, or a wireline assembly that allows the
auger to rotate while the tube remains stationary, and undisturbed material enters the tubes and the auger flights
advance (Figure 2.4.3b). The sample is collected every 5 feet before a new auger flight is added.

Method Selection Considerations: Advantages: (1) Equipment is readily available; and (2) collects undisturbed
sample. Disadvantages: (1) Might not be strong enough to penetrate compact sediments (can be overcome with
specialized samplers [see Section 2.4.5]); (2) collection of continuous samples with conventional thin-wall
samplers is very time consuming, especially when the depth exceeds around 100 feet (continuous sampling tube
system can overcome this); and ((3) gravel or cobbles can disturb sample during collection, or damage walls of
the sampler (sample tube should be at least 6 times the diameter of the longest particle size of the sample to
minimize physical disturbance). Table 2.4.3 provides comparative information on power-driven thin-wall
samplers. '

Frequency of Use: Most common method for collection of undisturbed core samples.
Standard Methods/Guidelines: ASTM (1983a), U.S. EPA (1986b).

Sources for Additional Information: See Table 2-5.
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Table 2.4.3 Summary of Major Types of Power-Driven Undisturbed-Core Samplers

Sample 1 Type

Applications

Limitations

Thin-Wall Open Tube Samplers (Section 2.4.3)

Shelby Tube

Continuous Tube

Undisturbed samples in
cohesive soils, silt, and sand
above water table

Same as Shelby tube, except
longer barrel ‘designed to
operate inside the column of a
hollow-stem auger

Thin-Wall Piston Samplers (Section 2.4.4)

Internal Sleeve Piston
‘Wireline Piston

Fixed-Piston

Hydraulic Piston (Osterberg)

Stationary Piston

Free Piston

Open Drive

Collection of sample in heaving
sands; used with hollow-stem
auger with clamshell bit

Undisturbed samples in
cohesive soils and noncohesive
sands; used with clam shell
device on hollow-stem auger

Undisturbed samples in
cohesive soils, silt, and sand
above or below water table

Similar to fixed-piston sampler

Undisturbed samples in stiff,
cohesive soils; representative
samples in soft to medium
cohesive soils, silts, and some
sands

Similar to stationary piston
sampler

Similar to stationary piston
sampler
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Ineffective in  cohesionless
sands or stony soil

Same as Shelby tube

o
i

Requires use of water or
drilling mud for hydrostatic
control; only one sample per
borehole can be obtained

In heaving sands, only one
sample per borehole: can be
collected because clamshell
remains open after sampling

Ineffective . in  cohesionless
sands

Not possible to limit the length
of push or to determine
amount of partial sampler
penetration during push

e
Rl

Not suitable for cohesionless
soils

Not suitable for cohesionless
soils




Table 2.4.3 (cont.)

Sampler Type

Applications

Limitations

Specialized Thin-Wall Sampler (Section 2.4.5)

Pitcher

Denison

Vicksburg

Undisturbed samples in hard,
brittle, cohesive soils and
cemented sands;
representative samples in soft
to medium cohesive soils, silts,
and some sands; variable
success with cohesionless soils

Undisturbed samples in stiff to
hard cohesive soils, cemented
sands, and soft rocks; variable
success with cohesionless
materials

Similar to Shelby tube, but able
to sample denser and coarser
material

Frequently ineffective in
cohesionless soils; requires use
of drilling fluid that might
affect quality of sample

Not suitable for undisturbed
sampling of loose, cohesionless
soils or soft cohesive soils;
requires use of drilling fluid
that might affect quality of
sample

Source: Adapted from Aller et al. (1991), Barrett et al. (1980), Boulding (1991), and Rehm et al. (1985)
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2. DRILLING AND SOLIDS SAMPLING METHODS
2.4 POWER-DRIVEN SOIL SAMPLING DEVICES
2.4.4 Thin-Wall Piston

Other Names Used to Describe Method: Fixed piston, hydraulic piston (Osterberg), wireline piston, free piston,
- open drive sampler, internal sleeve piston.

Uses at Contaminated Sites: Collecting samples in unconsolidated formations and heaving sands (internal sleeve
and wireline piston).

Method Description: Piston samplers are similar to thin-wall samplers except that they are equipped with internal
pistons to generate a vacuum within the sampler as it is withdrawn from the soil (Figure 2.4.4a). Figure 2.4.4b
illustrates sampling procedures using a wireline piston sampler with a hollow-stem auger. Numerous types of
~ piston samplers have been developed and Table 2.4.3 summarizes information on seven types.

Method Selection Considerations: Advantages: (1) Vacuum might improve sample recovery compared to
cconventional thin-wall samplers; and (2) models are available that are designed especially for sampling heaving
sands, which are difficult to sample using conventional thin-wall samplers. Disadvantages: (1) Not as widely
available as regular thin-wall samplers; and (2) more complex construction increases possibility of malfunction. -

Frequency of Use: Usually used where soil conditions are unfavorable for use of conventional thin-wall samplers.

Standard Methods/Guidelines: U.S. EPA (1986b).

Sources for Additional Information: Aller et al. (1991), Barrett et al. (1980), Rehm et al. (1985). See also, Table
25 v o . .
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2. DRILLING AND SOLIDS SAMPLING METHODS

2.4 POWER-DRIVEN SOIL SAMPLING DEVICES

2.4.5 Specialized Thin-Wall |

Other Names Used to Describe Method: Pitcher sampler, Denison sampler, Vicksburg sampler.

Uses at Contaminated Sites: Collecting undisturbed samples where specific soil conditions are unfavorable for
use of conventional or piston samplers.

Method Description: Basic sampling procedures are generally the same as for thin-wall samplers, The Vicksburg
sampler has a 5.05-inch inside diameter by 5.25-inch outside diameter, which qualifies as a thin-wall sampler but
is structurally much stronger than a Shelby tube (Figure 2.4.5a). The denison sampler (Figure 2.4.5b) and pitcher
sampler (Figure 2.4.5c) have a double-tube core design with an inner tube that ‘qualifies as a thin-wall sampler.
The rotating outer tube allows penetration in extremely stiff deposits or highly cemented unconsolidated
materials, while the stationary inner tube collects a minimally disturbed sample. Table 2.4.3 provides comparative
information on specialized thin-wall samplers.

Method Selection Considerations: Advantages: Greater structural strength allows collection of undisturbed
samples in dense formations. Disadvantages: Less readily available than conventional thin-wall samplers.

Frequency of Use: Uncommon.

Standard Methods/Guidelines: --
Sources for Additional Information: Aller et al. (1991), Rehm et al. (1985), Shuter and Teasdale (1989).
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2. DRILLING AND SOLIDS SAMPLING METHODS
2.5 FIELD DESCRIPTION OF SOIL PHYSICAL PROPERTIES
2.5.1 Texture

Other Names Used to Describe ' Method: Particle-size distribution. There are numerous systems for classifying
soil according to particle-size distribution. The most common are those used by the Soil Conservation Service
of the U.S. Department of Agriculture (USDA), and the Unified Soil Classification System (USCS), used by the
American Society for Testing and Materials (ASTM). Other systems, all of which have slight to major
differences, include: AASHTO (American Association of State Highway and Transportation Officials), FAA
(Federal Aviation Administration), U.S. Army Corps of Engineers, U.S. Public Roads Administration,
International Society of Soil Science, British Standards Institution, and Canadian Soil Survey Committee.

Uses at Contaminated Sites: Texture is a basic soil property that affects numerous hydrologic, engineering, and
contaminant transport characteristics of the soil.

Method Description: USDA: Particle-size classes of the fine fraction (<2 mm) are determined by estimating the
relative proportions of sand-, silt-, and clay-sized particles based on feel. Accurate classification requires
laboratory analysis of samples, but repeated "calibration" of field classification by feel with laboratory analyses
allows accurate field determinations, except in borderline cases. Particle-size class names using the USDA soil
texture triangle are shown in Figure 2.5.1. USCS: A series of field tests to determine the nature of the coarse
and fine fractions, and properties such as plasticity, liquid limit, clod strength, dilatancy, toughness, and stickiness,
aliow ficld estimation of unified soil type. Laboratory analysis is required to erisure accurate classification. Rock
classification: Bedrock materials are classified according to origin (igneous, metamorphic, and sedimentary),
particle or mineral grain size, mineralogy, and other features, such as hardness, degree of fracture development,
etc.

Method Selection Considerations: USDA classification method is best for interpretations relating to hydrologic
and contaminant transport properties. USCS is best for evaluating engineering properties.

Frequency of Use: USCS is commonly used; USDA is less commonly used, but should probably be used more
for reasons mentioned above. '

Standard Methods/Guidelines: Unified (ASTM) field estimation: ASTM (1990), Boulding (1991); Unified
laboratory classification: ASTM (1992); USDA field description: Boulding (1991); Rock: Dunham (1962),
Pettijohn et al. (1972), Potter et al. (1980).

Sources for Additional Information: Boulding (1991). Other references discussing classification of texture:
Casagrande (1948), Emerson (1967), Folk and Ward (1957), Irani and Callis (1963), Propkopovich (1977),
Shepard (1954), Williamson (1984)
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2. DRILLING AND SOLIDS SAMPLING METHODS

2.5 FIELD DESCRIPTION OF SOIL PHYSICAL PROPERTIES
2.5.2 Color

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Color of soil horizons and other unconsolidated material serves as an indicator of
zone of saturation and seasonal fluctuations in the water table, organic matter content, and soil mirieralogy.

Method Description: Soil matrix, mottles, and concentrations of minerals are described according to hue, value,
and chroma using Munsell Soil Color Charts (Figure 2.5.2). A simple ignition test that can be carried out in the
field allows evaluation of the contribution of organic matter, iron oxides, ferrous (reduced) iron, and manganese
oxides to soil color. ' ' : ‘

Method Selection Considerations: Should be standard procedure for description of soil/unconsolidated material
cores and soil samples.

Frequency of Use: Common.

Standard Methods/Guidelines: Soil color: Munsell Soil Color Charts (available from Munsell Color Company,
2441 N. Calvert St., Baltimore, MD 21218); Color ignition test: Boulding (1991).

Sources for Additional Information: Boulding (1991).
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Figure 252 Soil color names for several combinations of value and chroma and hue 10YR (Soil Survey Staff, 1975).




2. DRILLING AND SOLIDS SAMPLING METHODS

2.5 FIELD DESCRIPTION OF SOIL PHYSICAL PROPERTIES
2.5.3 Other Features

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Characterizating variability of soil properties; identifying near surface zone of
increased and reduced permeability for contaminant transport.

Method Description: Trenches are dug to a depth of 1 to 2 meters, or cores from hand-held or power driven
thin-wall tube samplers are visually observed and felt for signs of pedogenic (soil-weathering), such as: (1) Soil
horizons, (2) porosity, (3) other features indicating increased porosity or permeability (soil structure,
extrastructual cracks, roots, and surface and sedimentary features), (4) other features indicating zones of reduced
porosity or permeability (slowly permeable genetic horizons, high rupture resistance, root restricting layers, and
.compaction), and (5) soil moisture conditions. Soil profile déscription procedures should follow those developed
by the U.S. Soil Conservation Service. Figure 2.5.3 illustrates major types of soil structure, a form of secondary
porosity that facilitates transport of contaminants in the subsurface. Section 10.6.2 describes field procedures
for measurement or collection of samples for bulk density, an important property affecting transport of
contaminants in the subsurface.

Method Selection Considerations: Advantages: (1) Relatively inexpensive method for initial characterization of
soil characteristics and variability when cores are obtained using a hand-held thin-wall tube probe, or truck-
mounted tube probe; and (2) information is useful for design of soil sampling plan and for selection of
monitoring well locations. Disadvantages: (1) Special training is required to obtain consistent soil-profile
descriptions; and (2) provides qualitative rather than quantitative information and more complex field or
laboratory measurements are required for quantitative data.

Frequency of Use: Uncommon, but should probably be used more frequently.
Standard Methods/Guidelines: Visual/tactile observation: Boulding (1991); Bulk density: See section 10.6.2

Sources for Additional Information: --
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FIGURE 44.—Drawings illustrating some of the types of soil structure: 4,
prismatic; B, columnar; C, angular blocky; D, subangular - blocky; E,

platy; and F, granular.

Figure 2.5.3 Major types of soil structure (Soil Survey Staff, 1975).
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Table 2-4 Reference Index for Drilling Methods

Topic

References

General

General Drill. Method Texts

Ground-Water Texts
Covering Drilling Methods

Review Papers

Water Quality Effects

Decontamination

Specific Drilling Methods

Hollow Stem Auger

Air Rotary

Mud Rotary

Cable Tool

Aller et al. (1991), Australian Drilling Association (1992), Bowman (1911),
Campbell and Lehr (1973), Driscoll (1986), Gaitlin (1960), Gibson and Singer
(1969, 1971), Ingersoli-Rand (1985-terminology), Lehr et al. (1988), McCray and
Cole (1958-oil well drilling), Moore (1974), Ruda and Bosscher (1990), Shuter
and Teasdale (1989), U.S. Army (1981), USATHAMA (1982); Regional Water
Well Drilling Trends: Hindall and Eberle (1989), Meyer and Wyrick (1966)

Barrett et al. (1980), Bureau of Reclamation (1981), Davis and DeWiest (1966),
Devinny et al. (1990), GeoTrans (1989), Giltham et al. (1983), Rehm et al. (1985),
Scalf et al. (1981)

Carlson (1943), Davis et al. (1991), Hix (1991), Luhdorff and Scalmanini (1982),
Mcllvride and Weiss (1988), Nielsen (1991-status of ASTM method
development), Smith (1990), Stow (1963) .

Gillham et al. (1983), Herzog et al. (1991), Lolcama (1988), Russell et al. (1989),
U.S. EPA (1975); See also, references on drilling mud chemical effects (below)

Hix (1992)

Hackett (1987, 1988), Hodges and Teasdale (1991), Huntoon-Pecak (1989),
Kresse (1985), Leach et al. (1988), Mclivride and Weiss (1988), Nickens et al.
(1988), Vroblesky et al. (1988-remote controlled drilling), Weinstock (1990)

Texts: Brantley (1961), Hughs Tool (1966-drill bits), Petroleum Extension Service
(various dates); Papers: Angel (1968), Bates (1965), Bennett et al. (1988), Cooper
et al. (1977), Hodges and Teasdale (1991), Kaufman et al. (1981), Mason and
Woolley (1981), McEllhinney (1960), Russell et al. (1989-cross contamination
prevention), Schalla (1986-effect on pump test results), Seikan and Deyling

(1989); Logging of Cuttings: Hooper and Earley (1961)

Texts: API (1973), Brantley (1961), Hughs Tool (1966-drill bits), Petroleum
Extension Service (various dates); Papers: Hodges and Teasdale (1991), Kaufman
et al. (1981), Millison et al. (1989), Russell et al. (1989), Schalla (1986-effect on
pump test results), White (1990); Drill Mud/Fluids: API (1968, 1991a, 1991b),
Baroid Division (1954, 1966), Dreeszen (1959), Ericsen et al. (1985), Gray (1972),
Gray and Darley (1981), Grichor (1983), Imco Services (1975), Magcobar (1977),
McEllhinney (1960), Petroleum Extension Service (1969), Rogers (1963), Shew
(1975), Tschirley (1978); Drill Mud Toxicity/Water Chemistry Effects: Brobst and
Buszka (1986), Ericsen et al. (1985), Graham and Johnson (1991), Graham et al.
(1985), Russell et al. (1989), Senum and Dietz (1991), Shew and Keeley (1975),
U.S. EPA (1984a,b)

Texts: API (1988b), Decker (1968), Gordon (1958), Sanderson Cyclone (1966);
Papers: Bonham (1955), Stevens (1963), Treadway (1991)
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Table 2-4 (cont.)

Topic

References

Reverse Circulation

Casing Advance Drilling

Directional Drilling

Penetrometry

‘ Sections 5.5.1 and 5.5.2

Percussion Hammer: Bates (1965), Massarenti (1964), Paules et al. (1990), Sale
and Rhoades (1987), Shirley and Hay (1988); Reverse Dual-Tube Rotary: Holsten
and Morgan (1989), Riddle and Johnson (1991), Strauss et al. (1989)

Boyle (1992)

Dickinson et al. (1987), Kaback et al. (1991), Karlsson and Bitto (1990), Langseth
(1990), Losonsky et al. (1992), Metcalf and Eddy (1991), Morgan (1992), Speake
et al. (1991), Summers (1972), U.S. Bureau of Mines (1968) I

ASTM (1966, 1986a,b), Campbell and O’Sullivan (1991), Chiang et al. (1989a,
1989b, 1992), Christy and Spradlin (1992), Cooper et al. (1988a,b), Ehrenzeller et
al. (1991), Fritton (1990), Gillespie and Campanella (1981), Klopp et al. (1989),
Lithland et al. (1985), Olson and Farr (1986), Robertson and Campenalla (1986),
Robertson et al. (1986), Saines et al. (1989), Sangerlat (1972), Schmertmann

- (1978), Smolley and Kappmeyer (1989, 1991), Smythe et al. (1988), Strutynsky

and Sainey (1990), Strutynsky et al. (1992), Wahls (1975); See also, reference for

Sy

2-76




Table 2-5 Reference Index for Solids Sampling Methods

Topic

References

General

Soil/Solids Sampling Texts

* Other Texts with Sections.
Covering Soil Sampling

Review Papers -

Logging/Sampling of Cuttings

Characterization and Sampling
of Contaminated Soils

Sample Handling

Specific Sampling Devices/Methods

Undisturbed Core Samplers

Acker (1974), Barth et al. (1989), Brown (1986), Brown et al. (1991), Bureau of
Reclamation (1974, 1990), Cameron et al. (1966), Corps of Engincers (1972),
deVera (1980), Goodwin et al. (1982), Hodgson (1978), Hvorslev. (1948, 1949),
ISSMFE (various dates), Mason (1992), McKeague (1978), Mooij and Roovers
(1978), Mori (1979), SCS (1971, 1984), U.S. EPA (1986a) ,

Aller et al. (1991), Barrett et al. (1980), Devinny et al. (1990), Everett et al.
(1976), Fenn et al. (1977), Ford et al. (1984), GeoTrans (1989), Rehm et al.
(1985), Scalf et al. (1981), U.S. EPA (1986b)

Broms (1980), Busche and Burden (1991), Davis et al. (1993)

Hooper and Earley (1961), Johnson UOP (1967), Maher (1963), Shuter and
Teasdale (1989), Stevens (1963-cable tool and rotary), USATHAMA (1982)

Boulding (1991), Breckinridge et al. (1991), Cameron (1991), Fleischauer (1985-
radium), Kostecki and Calabrese (1990), Leach and Draper (1991), Ostendorf et
al. (1991), Zirschky and Gilbert (1984); Aseptic Sampling: Ieach and Ross (1991),
Leach et al. (1988), Russell et al. (1989); Volatiles: API (1992), Jackson et al.
(1991), Parolini et al. (1991), Siegcrist and Jenssen (1990), Sims et al. (1991),
Slater and McLaren (1983), Spittler et al. (1988)

Bartlett and James (1980), Kluitenberg et al. (1991-sealing of cores in shrinking
soil), Mullins and Hutchison (1982), Nevo and Hagin (1966), Parolini et al.
(1991), Plumb (1981), Qian and Wolt (1990), Wilson et al. (1991); Sample
Mixing/Compositing: Mroz and Reed (1991), Raab et al. (1991), Schumacher
(1990), Schumacher et al. (1991)

Begemann (1974), Brown and Thilenius (1977), Buchele (1961), Byrnes (1975),
Chong et al. (1982), Hayden and Heinemann (1968), Hayden and Robbins (1975),
Hendrickx et al. (1991-portable motor driven), Hipp et al. (1968), Holtzclaw et al.
(1975-bulk density), Jamison et al. (1950), Kelley et al. (1947-truck mounted),
LaRochelle et al. (1981), Lutz (1947), Mielke and Wilhelm (1983), Myers et al.
(1989), Parsons (1961), Pikul et al. (1979), Rhotan and McChesney (1991), Riggs
(1983), Robertson et al. (1974-truck mounted), Rogers and Carter (1987), Ruark
(1985), Russell et al. (1989), Schickedanz et al. (1973), Sieczka et al. (1982), Starr
and Ingelton (1992-piston sampler), Stolt et al. (1991-modified bucket auger),

Tackett et al. (1965), Tanner et al. (1953), Terry et al. (1974), Tuttle et al. (1984),

Vaughn et al. (1984), Viehmeyer (1929), Vepraskas et. al (1990), Watson and
Lees (1975), Wires and Sheldrick (1987); Freezing Methods; Blevins et al. (1968),
Buchter et al. (1984); Coated Cores/Samples: Bondurant et al. (1969), Economy
and Bowman (1993), Mielke (1973), Tomer and Ferguson (1989); See also,
references for Section 7.3.8

2-77




Table 2-5 (cont.)

Topic

References

Noncohesive Soil Samplers

Wireline Samplers
Special Sampling Situations

]
X

Arthur and Shamash (1970), Barton (1974), Bishop (1948), Marcuson and
Franklin (1980-undisturbed samples), Munch and Killey (1985), Murphy et al. -
(1981), Schuh (1987), Zapico et al. (1987)

API (1983), Armstrong et al. (1988), Clark (1988), McElwee et al. (1991),
Millison et al. (1989), Zapico et al. (1987)

Rocky Soils: Buchter et al. (1984), Lewis et al. (1990), Tuttle et al. (1984);
Underwater Sediments: Ali (1984), Anastasi and Olinger (1991), ASTM (1993e),
Barth and Starks (1985-quality assurance), Darmody et al. (1976), Edwards and
Glysson (1988), Fleischauer and Engelder (1985), Palmer (1985), Plumb (1981),
U.S.'EPA (1989)
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SECTION 3

GEOPHYSICAL LOGGING OF BOREHOLES

Overview of Borehole Techniques

.Methods for geologic and hydrogeologic characterization using boreholes most commonly use probes.
or sondes that are lowered on a cable. These probes transmit signals to surface instruments that generate logs
or charts, which relate changes in the parameter being measured with depth. However, any method that involves
a signal transmitter and separate receivers can use boreholes in a variety of configurations: ‘(1) Cross-borehole
(transmitter in one borehole and receiver[s] in one or more other boreholes), (2) borehole-to-surface (transmitter
in a borehole and receiver]s] on the surface), and (3) surface-to-borehole (transmitter at the surface and receivers
in the borehole[s]). ' :

Most borehole geophysical techniques for characterizing rock fall into three categories: €))
Electrical/electromagnetic methods, which measure resistivity and conductivity of fluids and surrounding rocks
(Sections 3.1 and 3.2), (2) nuclear methods, which use natural or artificial sources of radiation and radiation
detectors to characterize rock and fluid properties (Section 3.3), and (3) acoustic/seismiemethods, which measure
the elastic response of subsurface rock to a seismic source (Section 3.4). Miscellaneous logging methods, such
as caliper, temperature, and fluid flow logging are covered in Section 3.5, and well construction logs are covered
in Section 3.6. Section 5.5 covers probes used for fluid characterization, such as dissolved oxygen, Eh and pH
probes (Section 5.5.4), and ion-selective electrodes (Section 5.5.5).

Selection of Borehole Techniques

The type of borehole (cased or uncased), and whether it is filled with fluid or is dry, are major
considerations in the selection of borehole techniques. For example, most electrical methods require an uncased
borehole and either drilling fluid or water in the hole. Table 3-1 provides summary information on casing and
borehole fluid requirements for more than 40 borehole techniques covered in this guide. This tables also
indicates the approximate radius of measurement of each technique and required corrections or calibrations, and
other logs that might be required for accurate interpretation of a log. Typically, several different types of logs
are run on the same borehole and compared to facilitate stratigraphic interpretations. A typical suite of logs in
a fluid filled borehole would include: (1) Spontaneous potential (Section 3.1.1), (2) single-point resistance
(Section 3.1.2) and/or normal resistivity (Section 3.1.4), (3) natural gamma (Section 3.3.1), (4) neutron (Section
3:3.3), (5) caliper (Section 3.5.1), (6) fluid conductivity (Section 3.1.3), (7) temperature (Section 3.5.2), and,
possibly, (8) acoustic velocity (Section 3.4.1)." Figure 3-1 illustrates a typical response to sedimentary rocks
(Figure 3-1a) and altered or fractured crystalline rock (Figure 3-1b) with commonly used logging methods.
- Measurement of ground-water flow in boreholes (Sections 3.5.3 to 3.5.6) is an especially useful technique for
locating zones of high permeability within a borehole.

Depending on site conditions and the availability of equipment and experienced operating personnel,
all of the techniques covered in this section have potential for use at contaminated sites. Table 3-2 provides
more detailed guidance on techniques for specific subsurface parameters. The ASTM Subcommittee on Ground
Water and Vadose Zone Investigations has prepared a Draft Standard Guide for Borehole Geophysical
Investigations (Nielsen, 1991), and this will provide useful additional guidance when it is completed.

In shallow boreholes, or where a hole is completed a short distance below a desired point, tool length
might be an important consideration, particularly if a detector is housed in the middle of a long tool. A special
consideration in the selection of borehole techniques at contaminated sites is the requirement that the instrument
usually be decontaminated after each use.




Table 3-1 Characteristics of Boreholerlnggin,-, Methods (information for general guidance only)

Log Type/Section Casing® Min. Borehole Radius of Required Correction. t P
Diam!  Fluid Measurement '
Electrical Logs
Spontaneous Uncased only 1.5-3.0" Conductive Near borehole Drilling fluid resistivity and
Potential (3.1.1) fluid surface borehole diameter for quantitative uses
Single-Point Uncased only 1.5-2.0" Conductive Near borehole Not quantitative; hole i
Reslstance (3.1.2) : fluid surface diameter effects significant
Fluid Conductivity (3.1.3) Uncased or 20-25" Conductive  Within Calibration with fluid of known i
screened fluid borehole salinity; temperature correction : b
Resistivity (3.1.4) Uncased only 2.0-5.5" Conductive <1.0-60" Drilling fluid resistivity, borehole diameter, 1 1
fluid ! and temperature log for quantitative uses !
Dipmeter (3.1.5) Uncased only 6.0 Conductive Near borehole Orientation; minimum of 6" diam. required * ;
fluid surface for accurate joint/fracture characterization :
o
e
Induced Polarization (3.1.6)  Uncased only 2.0 Conductive ~ 2.0-4.0' Hole diameter b
fluid ‘ !
i
Cross-Well AC Uncased only ? Wet or 10s to 100s Borehole deviation j
Voltage (3.1.6) dry - of meters 1
¢ i
Electromagnetic Logs
Induction (3.2.1) Uncased or 2.0-40" Wetor 30" Effect of hole diameter and mud - ‘ l
nonmetallic dry negligible !
. . i
Borchole Radar (3.2.2) Uncased or 2.0-60" Wetor meters Borehole deviation (crosshole) l
nonmetallic dry |
Dielectric (3.2.3) Uncased or 50" Wet or 30" Conductive material skin depth, chlorine .
nonmetallic dry interference v i
|
Nuclear Magnetic Uncased only 70" Required 15 Borehole fluid .
Resonance (3.2.4)
Surface-Borehole Uncased only ? Wet or ? ?
CSAMT (3.2.4) ) . dry(?) i
1
Natoral Gamma (3.3.1) Uncased or 1.0-2.0" Wetor 6.0-12.0" None for qualitative uses; i
cased dry hole diameter, casing (thickness,
composition, and size), and drilling fluid
density for quantitative uses i
t
Gamma-Gammua (3.3.2) Uncased or 25" Wet or 6.0 Same as natural gamma with I
cased dry addition of formation fluid and matrix !
density corrections
Neutron (3.3.3) Uncased or 1.5-45" Wet or 6.0-12.0" Same as natural gamma with ;
cased dry addition of temperature, fluid salinity, and i
matrix composition corrections 1 i
. i
i
Gamma-Spectrometry Uncased or 2.0-40" Wetor 6.0-12.0" Similar to natural gamma |
(334) cased dry {
i
!




Table 3-1 (cont.)

Mechanical Flowmeter
(3.53) ’

Thermal Flowmeter
(3.5.4)

EM Flowmeter -
(35.5)

Single-borehole
flow tracing (3.5.6)

Colloidal Boroscope (3.5.7)

2.0-4.0" Required
20" v Required
2.0" Required
175"+

Required

2.0" Required

Log Type/Section Casing* Min. Borehole Radius of | Required Correction
Diam! Fhid. Measurement
Nuclear Logs (cont.)
Neutron-Activation Uncased or 2.0-40" Wetor . < Neutron ?
(3.35) cased dry
Neutron-Lifetime Uncased or 2.0-40" Wet or < Neutron - ?
(33.6) . cased dry
Acoustic and Seismic Logs
Acoustic-Velocity/® Uncased or 2.0-40" Required Depends on Hole diameter, formation fluid,
Sonic (3.4.1) bonded metallic frequency and and matrix velocity corrections
o rock velacity; for quantitative uses
several feet
Acoustic-Waveform® Uncased or 2.5-3.0" Required > sonic Same as sonic
(34.2) bonded metallic
Acoustic-Televiewer Uncased only 3.0"min Required Borehole Large number of equipment
(343) 16.0" max - surface adjustments required during operation
(calibration of magnetometer), borehole
diameter response, borehole deviation
Surface-Borehole Uncased or 2.5-40" Wet or Depends on Borehole deviation, correction for
Seismic (3.4.4) bonded cased dry geophone geometric spreading of source energy;
. . configuration geophones must be locked in dry holes
Geophysical Diffraction Uncased or 2.5-40" Wet 100 Borehole deviation
Tomography (3.4.5) nonmetallic
Cross Borehole Cased or 2.03.0" Wetor Depends on Borehole deviation
Seismic (3.4.6) uncased dry borehole spacing
Miscellaneous Logging Méthods
Caliper (3.5.1) Uncased or 15"+ Wetor Arm limit None
cased dry (usually 2.0-3.0)
Temperature (3.5.2) Uncased or 207 Required Within Calibration to known standard
cased? borehole

Borehole diameter for velocity and
volumetric logging

Borehole diameter f(;r velocity and
volumetric logging

Borehole diameter for velocity and
volumetric logging

. Changes in flow field with time

None




Table 3-1 (cont.)

Log Type/Section Casing* Min. Borehole Radius of Required Correction
Diam! Fluid Measurement

Miscellaneous Logging Methods (cont.)

Television/Photography Uncased or 20"+ Wet or Borehole None !
@37 cased dry surface

Gravity (3.5.8) Uncased best 6.0" Wet or 10s to 100s Borehole diameter/inclination; other usual’ i

dry of meters gravity corrections ‘ [

Magnetic/Magnetic Uncased or ? Wet or 1.0-2.0' Hole diameter correction !

Susceptibility (3.5.8) nonmetallic dry .

Well Construction Logs !

|

Casing Collar Locator Steel 20"+  Wetor Casing collar, None

(3.6.1) Casing dry thickness :

. i

Cement and Gravel Cased : See specific logging methods discussed in Section 3.6.2 i

Pack Logs (3.6.2) v [

Borchole Deviation " Uncased Varies Wet or Borehole Magnetic declination f

i

Fluid/Gas Chemical Sensors |

I

Eh, Ph Probes (5.5.4) Uncased/screened 1.0 Required Within borehole  Calibration to known standards !

Ton-Selective Electrodes Uncased/screened 1.0° Required Within borehole Calibration to known standards ;

(555) I

Fiber Optic Chemical Uncased/screened <2.0" Wet or dry Within borehole Calibration to known standards ‘

Sensors (5.5.6) [

|

|

Other Chemical Sensors Uncased/screened <1.0™ Wetordry  Within borehole = Calibration to known standards !

(10.6.5) 20" ;

Boldface = Most frequently used techniques in ground-water investigations.

* Unless otherwise specified, either plastic or steel casing is possible. :
* Indicates the range of minimum diameters for commercially available probes based on best available information. Various sources were used,
with the survey by Adams et al. (1983) being the main source. ‘

° Wheatcraft et al. (1986) indicate that acoustic logs are suitable only for uncased boreholes. However, Thornhill and Benefield (1990) report
using them for mechanical integrity tests of steel-cased injection wells. |

4 Wheatcraft et al. (1986) indicate that casing is allowable for temperature logs, Benson (1991) indicates that casing should not be used. ‘
Uncased holes are required for identification of high permeability zones. -Cased hole uses would include measurement of geothermal gradient
and cement bond logs (see Section 3.6.2). :

* Flow measurements are usually made in uncased holes or screened intervals of cased holes. Radius of measurement depends on the
permeability and whether natural or induced flow is measured. Natural flow will measure the properties of several well diameters; pumping will

measure properties up to 25 to 35 well diameters (Taylor, 1989).

(3.63) dry Surface ‘ “ ‘
|
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|
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|
|
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Table 3-2 Summary of Borehole Log Applications

Required Information

Logging Techniques Which Might Be Used

Lithology, Stratigraphy, Formation Properties

General lithology and stratigraphic correlation.

Bed thickness

Cavity detection
Sedimentary structure orientation
Large geologic structures

Total porosity/bulk density.

Effective porosity.
Clay or shale content.
Relative sand-shale content

Grain size/pore size distribution.

Compressibility/stress-strain properties.
Geochemistry

Aquifer Properties

Location of water level or saturated zones.

Moisture content.

Permeability/hydraulic conductivity.

Secondary permeability—fractures, solution
openings.

Specific yield of unconfined aquifers.

Ground-Water Flow and Direction

Infiltration,

Electric (SP, single point resistance, normal an(:l focused resistivity, dipmeter, IP, cross-
well AC voltage); EM (induction, dielectric); all nuclear (open or cased holes); caliper
logs made in open holes, borehole television. ‘

Single point resistance, focused resistivity (thin beds), gamma, gamma-gamma, neutron,
acoustic velocity. ‘

Caliper, acoustic televiewer, crosshole radar, crosshole seismic. - -

Dipmeter, ‘borehole television, acoustic televiewer.

Gravity, surface-borehole/crosshole seismic, crosshole radar.

Calibrated dielectric, sonic logs in open holes; crosshole radar; calibrated neutron,
neutron lifetime, gamma-gamma logs, computer assisted tomography (CAT) in open or
cased holes; nuclear magnetic resonance, induced polarization, crosshofe seismic. '
Calibrated long-normal and focused resistivity or induction logs.

Gamma log, induction log, IP log.

Gamma, SP log.

Grain size: Possible relation to formation factor derived from electric, induction or
gamma logs; Pore size distribution: Nuclear maguetic resonance; Soil macroporosity:
Computerized axial tomography (CAT). : ‘

Acoustic waveform, uphole/downhole seismic, crosshole seismic

Neutron activation log, spectral-gamma log.

Electric, induction, acoustic velocity, temperature or fluid conductivity in open hole or
inside casing. Neutron or gamma-gamma logs in open hole or outside casing. ‘

Calibrated neutron logs, gamma-gamma logs, nuclear magnetic resonance,
computerized axial tomography (CAT).

No direct measurement by logging. May be related to porosity, single borehole tracjers
methods (injectivity), 2-wave sonic amplitude, temperature, nuclear magnetic
resonance. Estimation may be possible using vertical seismic profiling.

Caliper, temperature, flowmeters (mechanical, thermal, EM), sonic, acoustic

waveform/televiewer, borehole television logs, SP resistance, induction logs, cross-well
AC voltage, surface-borehole CSAMT, vertical seismic profiling, crosshole seismic. -

Calibrated neutron logs during pumping.
i

Temperature logs, time-interval neutron logs under special circumstances or radioactive
tracers. '
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Table 3-2 (cont.)

Required Information

Logging Techniques Which Mighf‘Be Used

Ground-Water Flow and Direction (cont.)

Direction, veloeity,l and path of ground-water flow.

Source and movement of water in a well.

Borehole Fluid Characterization

Water Quality/Salinity

Water Chemistry

Pore Fluid Chemistry

Mudcake Detection

Contaminant Characterization

Conductive Plumes
Contami;xant Chemistry -
Hydrocazbon Deﬁcﬁon
Radioactive Contaminants

Dispersion, dilution, and movement of waste.

Buried Object Detection

Borchole/Casing Characterization

Determining construction of existing wells,
diameter and position of casing, perforations,
sereens.

Guide to screen setting.

Borehole deviation

Cenienting/gravel pack.

Casing corrosion/integrity.

Casing detection/logging

Casing leaks and/or plugged screen.

“

Behind casing flow

Thermal flowmeter; single-well tracer techniques—-point dilution and single-well
pulse; multiwell tracer techniques.

Injectivity profile; mechanical, thermal, EM ﬂowmeters, tracer logging during
pumping or injection; temperature logs.

Calibrated fluid conductivity and temperature; SP log, Single point resistance,
normal/multielectrode resistivity; neutron lifetime.

Dissolved oxygen, Eh, pH probes; specific ion electrodes.

Induced polarization log, neutron activation (if matrix effects can be accounted
for).

Microresistivity, caliper, acoustic televiewer.

Induction log, resistivity, surface-borehole CSAMT.
Specific ion electrodes, fiber optic chemical sensors.
Dielectric log, IP log.

Spectral-gamma log.

Fluid conductivity and temperature logs, gamma logs for some radioactive wastes,
fluid sampler.

Geophysical diffraction tomography.
Gamma-gamma, caliper, collar, and perforation locator, borehole television.

All logs providing data on the lithology, water-bearing characteristics, and
correlation and thickness of aquifers.

Deviation log, dipmeter, single-shot probe, dolly and cage tests.

Caliper, temperature, gamma-gamma; acoustic-waveform for cement bond;
noise/Sonan log.

Borehole television/photography; under some conditions caliper or collar locator.

Casing collar locator, borchole nelewsxon/photogmphy' various electric, nuclear
and acoustic logs.

Tracer and flowmeters.

Neutron activation and neutron lifetime logs.




‘The summaries in this section identify common conditions that enhance or inhibit the success of specific
techniques, but site specific conditions might cause problems for specific techniques, even when all other
indications are that the technique should work well. As a general rule, all geophysical techniques should be
checked against more direct observation and/or confirmed by a second geophysical method. Furthermore, well
established techniques should be given preference to those less commonly used, unless there is clear justification
based on site conditions, cost, and the availability of trained and experienced personnel. When in doubt about
the appropriateness of a specific technique, independent expert advice should be sought. EPA’s Environmental
Monitoring Systems Laboratory, Las Vegas, Nevada, can provide such advice for EPA personnel.

Sources of Additional Information

Table 3-3 (at the end of this section) identifies 16 general texts on logging methods, 20 texts of log
interpretation, a number of texts focusing on electric and nuclear methods, and over 20 texts focusing on ground-
water applications and contaminated sites, and identifies major published symposia and symposium series devoted
to borehole geophysical methods. Where possible, text references are annotated to indicate techniques that are
covered. In addition, many of the conferences and symposia proceedings identified in Table A-2 of Appendix
A contain papers on use of geophysical methods. Probably the best references on borehole geophysics, which
focus on ground-water applications, are the U.S. Geological Survey publications Borehole Geophysics Applied
to Ground-Water Investigations (Keys, 1990), and Applications of Borehole Geophysics to Water Resource
Investigations (Keys and MacCary, 1971). U.S. EPA (1992) provides an index of over 300 technical papers
related to specific borehole geophysical methods, focusing primarily on applications in ground-water and
contaminated-site investigations. Table 3-3 also identifies several documents that contain major bibliographies
on borehole geophysical methods as they relate to hydrogeology. Neutron moisture logging is one of the most
frequently used borehole technique because it is well suited for both near-surface and deep characterization.
Table 3-4 (also at the end of this section) provides a comprehensive index of over 100 references related to
neutron logging. ,
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.1 ELECTRICAL BOREHOLE LOGGING
3.1.1 SP Logs

Other Names Used to Describe Method: Spontaneous potential, self-potential.

Uses at Contaminated Sites: Identifying variations in lithology (permeable beds, relative sand and shale content
or strata), bed thickness, water quality, and casing detection.

Method/Device Description: A logging device that records the potentials or voltages that develop at the contacts
between different lithologies, or with change in water quality. Figure 3.1.1 illustrates how the flow of current
at bed contacts results in changes in the spontaneous potential curve. SP logs are commonly made at the same
time as single-point resistance logs (see Figure 3.1.2 in the next section). Figure 3-1a illustrates an SP log.

Device Selection Considerations: Advantages: (1) Useful as supplemental information for interpretation of other
types of logs; and (2) better adapted for locating the tops and bottoms of beds than conventional resistivity logs.
Disadvantages: (1) Requires uncased hole filled with water or drilling fluid; (2) unreliable for estimating
dissolved solids in aquifers less than 10,000 mg/L; and (3) noise and anomalous potentials are a common problem
(usually caused when there is a poor insulator between the probe electrode and the cable).

Frequency of Use: Widely used for logging deep holes, especially by the petroleum industry; commonly used
in association with rotary drilling methods; use of SP/single pint probe is also very common in ground-water
studies. .

Standard Methods/Guidelines: --

Sources for Additional Information: Brown et al. (1983), Bureau of Reclamation (1981), Campbell and Lehr
(1973), Davis and DeWiest (1966), Driscoll (1986), Everett (1985), Keys (1990), Keys and MacCary (1971),
Redwine et al. (1985), Respold (1989), U.S. EPA (1992), Wheatcraft et al. (1986). Most of the general borehole
logging texts indexed in Table 3-3 cover SP logs, and texts focussing on electrical methods are also indexed in
Table 3-3. . ' ‘
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Figure 3.1.1 The flow of current at typical bed contacts and the resulting spontaneous-potential curve and static
values (Keys, 1990).
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.1 ELECTRICAL BOREHOLE LOGGING
3.1.2 Single-Point Resistance

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Identifying changes in lithology and water quality.

Method Description: There are two types of single-point resistance logs. Conventional single-point resistance
logs measure the resistance in ohms between an electrode as it is lowered down a well and an electrode at the
land surface (Figure 3.1.2). Differential single-point resistance logs measure the resistance between two
electrodes on a single probe as it is lowered down a borehole. Figure 3-1a illustrates a single-point resistance
log. : :

Method Selection Considerations: Advantages: (1) Instrumentation is simple; (2) excellent for information about
changes in lithology because it is not influenced by bed thickness; and (3) very good for fracture detection in
crystalline bedrock. Disadvantages: (1) Cannot be used for quantitative interpretation of porosity and salinity;
(2) readings are affected by borehole diameter and borehole fluid resistivity; (3) shallow radius of investigation;
(4) noise and anomalous potentials are a common problem; and (5) require uncased borehole filled with fluid.

Frequency of Use: Use has been reporfed at a contaminated sites, but probably not used frequently.

Standard Methods/Guidelines: --

Sources for Additional Information: Keys' (1990), Keys and MacCary (1971), Rehm et al. (1985), U.S. EPA
(1992), Wheatcraft et al. (1986). Most of the general borehole logging texts indexed in Table 3-3 cover single-
point resistance logs, and texts focussing on electrical methods also are indexed in Table 3-3.
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.1. ELECTRICAL BOREHOLE LOGGING
3.1.3 Fluid Conductivity

Other Names Used to Describe Method: Fluid resistivity, salinometer.

Uses at Contaminated Sites: Obtaining information on the concentration of dissolved solids in borehole fluid;
locating sources of saltwater leaking into artesian wells; aiding in interpretation of electric logs.

Method Description: A specially designed probe that records only the electrical conductivity of the borehole
fluids by placing electrodes inside a protective housing (Figure 3.1.3). The most common type of probe measures
the AC-voltage drop across two closely spaced electrodes, which is a function of the resistivity of the fluid
between the electrodes. ‘Although resistance is actually measured, the term conductivity log is usually used to
avoid confusion with resistivity logs, which measure the rocks and their interstitial fluids (Section 3.1.3).
Commonly, the probes include temperature sensors that allow simultaneous measurement of termperature and
fluid resistivity because temperature corrections are usually required for the readings (Figure 3.1.3). Combined
logs are also useful for defining zones of inflow and outflow in bedrock wells. Figure 5.5.4 illustrates a combined
conductivitytemperature log. Tellam (1992) describes the reversed flow test (RFT), which uses a fluid
conductivity log to obtain information on pore water quality and inflow rates along the length of an uncased
borehole.

Method Selection Considerations: Advantages: (1) Relatively simple and inexpensive type of log; and (2)
interpretation is relatively straightforward (failure to consider disadvantage numbers 2 and 3 might result in
erroneous interpretations). Disadvantages: (1) Calibration required with fluids of known conductance and
measurements need to be corrected to standard temperature; (2) disturbance in the borehole by drilling,
cementing, fluid density differences, and thermal convection will affect measurements and might require months
to reestablish chemical equilibrium; and (3) setting of screens at the wrong depth can cause the measurement
of fluid conductivities that are not representative of fluid in the aquifer.

Frequency of Use: Commonly used in logging uncased bedrock wells.
Standard Methods/Guidelines: -- ,

Sources for Additional Information: Brown et al. (1983), Keys (1990), Keys and MacCary (1971), Respold
(1989), U.S. EPA (1992), Wheatcraft et al. (1986). Most of the general borehole logging texts indexed in Table
3-3 cover fluid conductivity logs, and texts focussing on electrical methods also are indexed in Table 3-3.
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.1 ELECTRICAL BOREHOLE LOGGING
3.1.4 Resistivity Logs

QOther Names Used to Describe Method: Normal: Short normal; long normal. Focused: Guard log, laterolog, dual
laterolog. Lateral: --. Microresistivity: Microlog, contact log, micro-survey, microlateral, micronormal.

Uses at Contaminated Sites: Normal: Evaluating water quality. Focused: Measuring resistivity of thin beds or
resistive strata in wells containing conductive fluids; detecting fractures in crystalline bedrock. Lateral:
Performing lithologic characterization. Microresistivity: Determining presence or absence of mudcake.

Method Description: The principal components of an electric resistivity logging instrument include: (1) An
electronic unit that feeds electric current to a down-the-hole electrode: and measures resistivity of the entire
circuit, (2) a hoist or reel with ‘conductor cable, (3) an electrode or probe from which current passes to the
drilling fluid and formation surrounding the borehole, and (4) a recorder for automatically plotting values of
resistivity against depth as a continuous curve. There are four main types of resistivity probes. Normal:
Resistance is measured using four electrodes at various spacing on a single probe that is lowered down the hole
(Figure 3.1.4a). Figures 3-1a and 3-1b illustrate normal resistivity logs. Focused: Uses guard electrodes above
and below the current electrode to force the current to flow out into the rocks surrounding the borehole (Figure
3.1.4b). Lateral: Similar to the normal resistivity logging tool, except electrodes are more widely spaced on the
probe in order to measure resistivity of rock farther out from the borehole. Microresistivity: There are
numerous variations of this type of probe, which uses short electrode spacing and pads or some kind of contact
electrode to decrease the effect of borehole fluid. '

Method Selection Considerations: All resistivity logs require an uncased hole with borehole fluid. There is a
general tradeoff between increasing depth of penetration and resolution of beds. Normal: Equipment is generally
available. Quantitative interpretations required corrections for bed thickness, borehole diameter, and other
factors. Focused: Specialized logs generally are not available to water well loggers. Primarily for use in deep
boreholes where ground-water has high dissolved solids. Also good for fracture detection in crystalline bedrock
(Williams and Conger, 1990). Lateral: Suitable only for thick beds (>40 feet); marginal for highly resistive rocks.
Microresistivity: Specialized log for evaluation of mudcake; might be of value in deep boreholes where drilling
mud has been used. '

Frequency of Use: Normal: Widely used in hydrogeologic investigations to evaluate water quality. Other
resistivity logs: Uncommon. :

Standard Methods/Guidelines: --

Sources for Additional Information: General: Brown et al. (1983), Bureau of Reclamation (1981), Campbell and .
Lehr (1973), Davis and DeWiest (1966), Driscoll (1986), Everett (1985), Keys (1990), Keys and MacCary (1971),
Redwine et al. (1985), Rehm et al. (1985), Respold (1989), U.S. EPA (1992); Focused resistivity: Moran and

Chemali (1985), Roy (1982). Most of the general borehole logging texts indexed in Table 3-3 cover resistivity
logs, and texts focussing on electrical methods are also indexed in Table 3-3. ,
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.1 ELECTRICAL BOREHOLE LOGGING
3.1.5 Dipmeter

Other Names Used to Describe Method: Diplog, formation micro-scanner.

Uses at Contaminated Sites: Measuring location and orientation of sedimentary structures and fractures. Also
provides indication of borehole deviation.

Method Description: This method includes a variety of wall-contact microresistivity probes. The electrodes are
on pads located 90 or 120 degrees apart and oriented with respect to magnetic north by a magnetometer in the

probe (Figure 3.1.5).

Method Selection Considerations: Advantages: Can be used in boreholes in sedimentary rocks over a wide
variety of hole conditions to obtain data on strike and dip of bedding planes; fractures can also be identified, but
with less precision. Disadvantages: (1) Very expensive well logging method; (2) might not work well in less
consolidated rock where strata do not have clear contrasts in resistivity; and (3) for accurate detection of joints
and fractures, borehole diameters of at least 6 inches are required.

Frequency of Use: Uncommon, but potentially useful for deep boreholes in sedimentary rock.

Standard Methods/Guidelines: --

Sources for Additional Information: Bigelow (1985), Brown etal. (1983), Keys (1990), Respold (1989), U.S. EPA
(1992). Many of the general borehole logging texts indexed in Table 3-3 cover resis ivity logs, and texts focussing
on electrical methods are also indexed in Table 3-3. »
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system, caliper, compass and deviation system (Dresser Atlas, 1974).
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.1 ELECTRICAL BOREHOLE LOGGING
3.1.6 Other Electrical Methods

Other Names Used to Describe Method: Hole-to-surface/hole-to-hole resistivity, induced polarization (IP), cross-
well AC voltage.

Uses at Contaminated Sites: Induced polarization: Characterizing stratigraphy and porosity; measuring clay
content and pore fluid chemistry. Hole-to-surface/hole-to-hole resistivity: Three dimensional modeling of
resistivity data to define geoelectric inhomogeneitics. Cross-well AC voltage: Characterizing spatial variation in
subsurface fracture systems.

Method Description: Hole-to-surface/hole-to-hole resistivity: Numerous: configurations of source and receiver
electrodes are possible: Hole-to-surface (current source in the borehole--see Figure 3.1.6a), surface-to-hole
(current source at the surface), and hole-to-hole (fixed source, moving pole, or bipole source). Figure 3.1.6b
provides a schematic of resistivity measurements made between two boreholes. Electrodes in each borehole
make electrical contact with the formation and current is driven through the formation from two adjacent
electrodes (right-hand side of Figure 3.1.6b) as the potential difference is measured between all other adjacent
electrode pairs. The procedure is repeated for all combinations of adjacent source and receiver electrode
positions. Induced polarization: Probe measures the response of formation to an injected current (see Section
1.2.3). The same hole-to-hole and hole-to-surface configurations used for resistivity measurements can also be
used for induced polarization. Cross-well AC voltage: A low-frequency alternating current is introduced into the
fracture system of two wells and the voltage between the current electrodes and observation wells is measured.

Method Selection Considerations: All methods require uncased and fluid-filled borehole. Hole-to-surface/hole-to-
hole resistivity: Main advantage is the possibility for three-dimensional modeling of the subsurface. The main

" disadvantages is the greater complexity compared to surface resistivity surveys. Induced polarization: Specialized
log that is mainly used for differentiation of clayey and non-clayey deposits. Cross-well AC voltage: Relatively
new method that might be useful for characterization of fracture systems. Equipment availability might be a
problem.

Frequency of Use: Hole-to-surface/hole-to-hole resistivity: Has been primarily used in mineral exploration to
locate ore bodies. Induced polarization: Uncommon. Cross-well AC voltage: Uncommon.

Standard Methods/Guidelines: --

Sources for Additional Information: Hole-to-surface/hole-to-hole resistivity: Daniels (1983), U.S. EPA (1992);
Induced polarization: Rehm et al. (1985), U.S. EPA (1992); Cross-well AC voltage: Robbins and Hayden (1988).
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Figure 3.1.6 Other electrical methods: (a) Example configuration for hole-to-surface resistivity measurements
(Daniels, 1983, by permission); (b) Schematic of crossbore resistivity measurement array (Daily and
Owen, 1991, by permission).
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.2 ELECTROMAGNETIC BOREHOLE LOGGING
3.2.1 Induction

Other Names Used to Describe Method: Slimhole EM probe (Geonics EM39 borehole conductivity meter),
electromagnetic (EM) induction, dual induction, surface-to-borehole EM method. ‘

Uses at Contaminated Sites: Performing lithologic characterization; locating the zone of saturation; performing
physical and chemical characterization of formation fluids/ground-water quality.

Method Description: The slimhole EM probe is a relatively new tool designed specifically for use in fresh water.
The probe contains a transmitter coil on the upper part, which induces eddy current in the formation around the
~ borehole, and a receiver on the lower part (Figure 3.2.1). Conductivity is measured using same principles as
surface EM induction measurement (Section 1.3.1). Conventional induction probes are designed for use in
boreholes with no conductive material (such as oil-based drilling muds) between the probe and the formation.
Surface-to borehole EM method: This variant uses a surface EM source (grounded bipole or large ungrounded
loop) and a subsurface electric field or magnetic field sensor. '

Method Selection Considerations: Slimhole EM probe: A major advantage of this probe is that can be used in
wet or dry holes (2 inches minimum diameter) and can be used in PVC cased holes. See also, general advantages
and disadvantages of surface EM methods (Section 1.3.1). Conventional induction probe: Requires holes filled
with non-conducting drilling mud.

Frequency of Use: Slimhole EM probe: Relatively recent tool that has gained rapid acceptance for use in ground-
water studies. Conventional induction probe: Uncommon for reason mentioned above. Surface-to-borehole EM
methods: Have been used infrequently for mineral exploration.

Standard Methods/Guidelines: --

Sources for Additional Information: Slimhole EM probe: McNeill (1986), McNeill et al. (1990); Conventional
induction probe: Evereit (1985), Kaufman and Keller (1989), Keys (1990), Keys and MacCary (1971), Respold
(1989), U.S. EPA (1992); Surface-to-borehole: Ross and Ward (1984).
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3. GEOPHYSICAL LOGGING OF BORFHOLES
3.2 ELECTROMAGNETIC BOREHOLE LOGGING
3.2.2 Borehole Radar

Other Names Used to Describe Method: Radar logging, single-hole borehole radar, cross-borehole radar/
electromagnetic probing.

Uses at Contaminated Sites: Characterizing stratigraphy, porosity, bedrock fractures; locating cavities and tunnels.

Method Description: Two major types of borehole radar have been developed. Radar logging involves a pulsed
microwave system similar to ground-penetrating radar (Section 1.5.1) except that instrumentation is designed for
use in a single borehole. This type has most commonly been used to map stratigraphy in salt domes, which
readily transmit microwave signals. A relatively recent development is the directional borehole radar system
(Figure 3.2.2a) which has the ability to detect cavities and fractures in a single borehole. Cross-borehole radar
involves the use of a continuous-wave transmitter in one hole and receivers in one or more holes in line with the
transmitter hole. Different "views" of a geophysical anomaly are obtained by placing the transmitter in one
location in the borehole and measuring the signals as the receiver is lowered down the receiver borehole.
Geophysical anomalies are recorded as signal minima. Multiple logs of the same receiver borehole with the
transmitter at different depths can be graphically plotted to locate the area of the geophysical anomaly (Figure
3.2.2ba).

Method Selection Considerations: Advantages: (1) Relatively large area of measurement (tens of meters or more
in favorable materials) compared to most borehole methods; (2) horizontal and vertical position of high-contrast
geophysical anomalies can be determined with reasonable accuracy using cross-borehole probing with continuous-
wave EM transmission; (3) cross-borehole field data on contrasting geophysical anomalies can be interpreted
quickly and simply if the correct frequency is used (which depends on the wavelength of the surrounding medium
and the dimension of the anomaly); and (4) radar can be used in open-hole or PVC cased wells. Disadvantages:
(1) Penetration limited by moist and/or clayey soils or rock and soils with high electrical conductivity; and (2)
equipment might not be readily available.

Frequency of Use: Most common reported applications are for characterizing salt domes and locating tunnels.

Standard Methods/Guidelines: --
Sources for Additional Information: Lytle et al. (1979), U.S. EPA (1992).
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.2 ELECTROMAGNETIC BOREHOLE LOGGING
3.2.3 Dielectric

Other Names Used to Describe Method: Electromagnetic propagation tool (EPT), deep propagation tool (DPT),
low frequency dielectric log (LFD), dielectric constant log (DCL), continuous pulse microwave log.

Uses at Contaminated Sites: Measuring formation porosity; measuring hydrocarbon thickness on ground water.

Method Description: Dielectric tools use electromagnetic waves to measure the dielectric permittivity (or
dielectric constant) of a formation. This is a measure of the relative ability of electrically charge particles in a
formation to be polarized by an electric field. Dielectric logging devices are to two types: (1) Low frequency (20-
47 MHz) mandrel tools, and (2) hlgh frequency (200 MHz - 1.1 GHz) pad tools, which have an antenna pad with
two transmitters and two receivers in a borehole compensated array (Figure 3.2.3). Note that the low frequency
tools still use frequencies about an order of magnitude higher than electromagnetic induction tools (see Sections
1.3.1 and 3.2.1). The tool uses transmitting antennas to generate an electromagnetic waves and receiving
antennas to measure phase shift and attenuation. Measurements can be used to calculate porosity in the
saturated zone, and relative water and hydrocarbon saturation.

Method Selection Considerations: This is a relatively new method that was developed by the petroleum industry
to distinguish between fresh water and oil. It can be used: As an alternative to density and neutron logs if the
radioactive sources are a concern, in a wider range of conditions than sonic logs for measuring porosity, and in
fresh water (use of resistivity logs for measuring porosity require brackish or saline waters). Dielectric logs have
great potential for characterization of NAPLs in the subsurface. Low-frequency tools penetrate 15 to 45 inches,
are relatively insensitive to borehole irregularities, and can be run in open or nonmetallic cased holes. High
frequency tools penetrate 1 to 5 inches, are very sensitive to borehole irregularities, and work only in uncased
holes. Minimum hole size for currently available tools ranges from 5 to 6.5 inches, considerably larger than
typical monitoring wells.

Frequency of Use: Uncommon. This is a relatively new tool with great potential for characterization of
hydrocarbon contaminated sites and porosity, if equipment and large diameter wells are available.

Standard Methods/Guidelines: --
Sources for Additional Information: Collier (1989), Keech (1988), Serra (1984a), U.S. EPA (1992).
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Figure 32.3 Antenna pad of the electromagnetic propagating toel (EPT) sonde (Collier, 1989, by permission). | !
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.2 ELECTROMAGNETIC BOREHOLE LOGGING
3.2.4 Other Electromagnetic Methods 7

Other Names Used to Describe Method: Nuclear magnetic resonance (NMR), nuclear magnetic logging, Surface-
to-Borehole Controlled-Source Audiomagnetotelluric (CSAMT).

Uses at Contaminated Sites: NMR: Evaluating porosity, permeability, moisture content, pore-size distribution,
and available water. Surface-borehole CSAMT: Potential for mapping of subsurface conductive zones and three-
dimensional characterization of fracture zones in deep boreholes. '

Method Description: NMR: Uses the same principle as the proton precession magnetometer (Section 1.5.2),
except that the precession of protons (hydrogen atoms) in water molecules is measured in the formation after
an induced magnetic field has been turned off. Section 6.2.5 provides additional description of this method as
used for measuring near-surface soil moisture. Borehole units contain instrumentation for creating a magnetic
field and measuring the precession of protons afier it is turned off in a single probe. Nuclear magnetic resonance
is commonly classified as a nuclear method (Morrison, 1983; Keys, 1990). However, no radioisotopes are
involved in using the method, and it is classified here as an electromagnetic method because the magnetic field
is electrically induced. CSAMT involves measurement the response of magnetotelluric currents (see Section
1.3.5) using sensors in a borehole to an artificially created audiofrequency signal at the surface.

Method Selection Considerations: NMR Advantages: More precise characterization of free and bound water and
porosity than other logging methods. NMR Disadvantages: (1) Use limited to large boreholes (generally >7
inches) filled with drilling mud (magnetite powder usually has to be added to the mud to eliminate the borehole
contribution to the log); and (2) equipment availability might be a problem. Surface-Borehole CSAMT
Advantages: (1) For deep boreholes, the advantage over other magnetotelluric methods is that the signal is much
larger than the level of natural-field noise; and (2) the high frequency of the source also allows rapid data
acquisition. Surface-Borehold CSAMT Disadvantages: (1) Other proven methods are likely to give better results
in near-surface investigations; (2) problems can develop if the borehole sensor is not kept vertically oriented; and
(3) geologicnoise cannot always be identified and effectively separated from the secondary response of the target.

Frequency of Use: NMR: Not widely used for petroleum applications and relatively unknown for ground-water
borehole applications. Potentially very useful if borehole diameter is large enough. Surface-borehole CSAMT:

- Uncommon.

Standard Methods/Guidelines: -

Sources_for Additional Information: NMR general: Abragam (1961), Schlichter (1963); NMR borehole
applications: Jackson (1984), Keys (1990), Wyllie (1963); NMR soil moisture applications: Morrison (1983). See
also, Section 6.2.5, and references indexed in Table 6-2. Surface-borehole CSAMT: West and Ward (1988). See
also, texts identified in Section 1.3.5.
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3. GEOPHYSICAL LOGGING OF BOREHOLES

33 NUCLEAR BOREHOLE LOGGING

3.3.1 Natural Gamma

Other Names Used to Describe Method: Gamma, gamma-ray log, -

Uses at Contaminated Sites: Identifying lithology (clay and shale particularly) and stratigraphic correlation.
Method Description: Records total natural gamh:a radiation (pﬁmarﬂy from K-40, U-238, and Th-232) from
a borehole that is within a selected energy range. Different formations can be distinguished by differing levels

of natural radioactivity (Figure 3.3.1). Figures 3-1a and 3-1b illustrate gamma logs for sedimentary and
crystalline rocks. :

Method Selection Considerations: Advantages: (1) Instrumentation is relatively simple and inexpensive; and (2)
involves radiation detection only, so no radioactive sources required for the instrumentation. Disadvantages: (1)
Only qualitative analysis is possible; (2) the smaller the diameter of the probe, the higher the signal-to-noise
ratio; and (3) sensitivity of the probe is reduced by large diameter holes, drilling fiuid, and casing (generally not
feasible with cemented casing or two uncemented steel casings).

Frequency of Use: Probably the most commonly used nuclear log for stratigraphic mapping in ground-water
studies.

Standard Methods/Guidelines: API (1974).
Sources for Additional Information: Major references: Guyod (1965), Keys (1990); Keys and MacCary (1971),

Killeen (1982-review paper), Patten and Bennett (1963), Respold (1989), SPWLA (1978a), U.S. EPA (1992);
Other references: Brown et al. (1983), Campbell and Lehr (1973), Davis and DeWiest (1966), Driscoll (1986),
Everett (1985), Rehm et al. (1985), Wheatcraft et al. (1986). Most of the general borehole logging texts indexed
in Table 3-3 cover gamma logs, and other texts focussing on nuclear methods are also indexed in Table 3-3.
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Figure 33.1 Range of radioactivity of selected sedimentary rocks (Keys and MacCary, 1971).
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.3 NUCLEAR BOREHOLE LOGGING
3.3.2 Gamma-Gamma

Other Names Used to Describe Method: Density log, transmittance log, gamma ray atfenuation, gamma ray
transmission, gamma ray absorption, gamma ray scattering.

Uses at Contaminated Sites: Measuring bulk density, porosity, and moisture content.

Method Description: A beam of gamma photons (typically cobalt-60, cesium-137, andfor americium-241) 1
directed at the borehole sides and a detector records the radiation that is attenuated and scattered in the
borehole and surrounding rock. For deep boreholes, the scattering method is usually used, with a single-probe
configuration that has the source and detector on the same unit (Figure 3.3.2). These probes can use either a
single-source or a dual-source (which emit gamma radiation at different energy levels). For near surface
monitoring of soil moisture, the double tube transmission method is more commonly used, in which the source
and detector are lowered down two parallel boreholes (see Figure 6.2.2b).

Method Selection Considerations: Advantages: (1) Good method for measuring formation properties (bulk
density, porosity, and moisture content); (2) data can be obtained over very small horizontal or vertical distances
(layers of soil as thin as 1 centimeter); (3) average moisture contents can be determined with depth; (4) the
system can be interfaced to accommodate automatic recording; (5) temporal soil moisture changes can be easily
monitored with high accuracy and precision; (6) measurements are nondestructive once access tubes are installed;
(7) can be used to calculate porosity when the fluid and grain densities are known; (8) can be used under almost
any borehole conditions; and (9) near-surface measurements are more accurate than for neutron depth probes.
Disadvantages: (1) Field instrumentation is expensive, difficult to use, and requires frequent maintenance; (2)
the active radioactive source requires special handling for health and safety reasons, and might be unacceptable
to regulatory authorities; (3) large variations in bulk density and moisture content can occur in highly stratified
soils and limit spatial resolution; (4) unreliable in soils that swell and shrink with water content changes or with
freeze and thaw; (5) instruments are susceptible to electronic drift and instabilities in the count rate; (6) soil
temperature variations might affect accuracy of measurements; (7) failure to install equidistant dual access tubes
will introduce errors in measurements; (8) double-tube method limited to relatively shallow depths because of
difficulties in installing equidistant tubes to greater depths; (9) installation of equidistant tubes for double-tube
method also difficult in steep terrain and in rocky materials; (10) accurate measurement of moisture requires
independent measurement of dry bulk density; (11) leakage of water from perched layers along the wall of the
casing might cause erroneous moisture measurement; (12) mixtures of water and other liquids will yield
erroneous logs unless calibrated for the mixture; and (13) water moving through the sampling area at a constant
rate will not change water content resulting in erroneous interpretation that there is no water movement in the
soil profile.

Frequency of Use: Widely used in the petroleum industry; less frequently used for ground-water applications.
More commonly used for laboratory measurement of soil core properties than directly in the field.

Standard Methods/Guidelines: Density measurement: ASTM (1991a-deep boreholes), ASTM (1991b-shallow
depth). Moisture measurement: Gardner (1986).

Sources for Additional Information: Major borehole references: Keys (1990), Keys and MacCary (1971), Respold
(1989), SPWLA (1978a); Other borehole references: Brown et al. (1983), Driscoll (1986), Everett (1985),
Redwine et al, (1985), Rehm et al. (1985), Thompson et al. (1989), U.S. EPA (1992), Wheatcraft et al. (1986);
Vadose zone/soil moisture: Bouwer and Jackson (1974), Brakensiek et al. (1979), Everett et al. (1983), Gardner
and Roberts (1967), Morrison (1983), Poeter (1988), Schmugge et al. (1980), van Bavel and Underwood (1957),
Vomocil (1954), Wilson (1980, 1981). Most of the general borehole logging texts indexed in Table 3-3 cover
gamma-gamma logs, and references focusing on soil moisture and bulk density applications are indexed in Table
34.

330




SINGLE-CONDUCTOR
CABLE TO LOGGING
EQUIPMENT

CASING

o AFTER CORRECTION
ELECTRONIGS AND
Sraonice e | | FOR BORE HOLE EFFEC:‘S
™ NUMBER OF PULSES = ——
Dp
Dp=Dq -§{Dq-Op)
Dq-Db
Dq-Df
DETECTOR\\
B
GAMMA RAY
PHOTONS
— I3 / \\
LEAD OR 1000
METAL SPACERS
' LJ
LOWER
N ENERGY
COLLINATED FHOTQN
1000 METAL / v
SOURCE SUB . Ca 4
.
COMPTON
@ ELECTRON
..
Co%® ‘
SOURCE COMPTON SCATTERING

Figure 3.3.2 Principles and interpretation of single probe gamma transmission equipment (Morrison, 1983, after
Keys and MacCary, 1971, by permission).

331




3. GEOPHYSICAL LOGGING OF BOREHOLES
3.3 NUCLEAR BOREHOLE LOGGING
3.3.3 Neutron

Other Names Used to Describe Method: Neutron probe, neutron moisture meter, neutron moisture gage,
neutron moderation, neutron thermalization, neutron scattering, neutron-gamma log, neutron attenuation.

Uses at Contaminated Sites: Measuring saturated porosity and moisture content in the unsaturated zone; soil
moisture monitoring; locating perched water tables; measuring specific yield of unconfined aquifers.

Method Description: Probe contains a source of neutrons and detectors that are arranged so that the output
is primarily a function of the hydrogen content of the borehole environment. The various available probe designs
can be broadly classified as surface probes (which do not require a borehole [see Figure 6.2.2a]) and depth
probes, which are used in boreholes. Figure 3.3.3 shows a depth probe and illustrates types of interactions
between neutrons and hydrogen atoms. Fast neutrons (>0.1 Mev), which have been slowed to energies of less
than 0.25 ev, are said to be thermalized. Neutron reactions also result in the emission of gamma rays by neutron
capture. Neutron moderation involves the slowing of fast neutrons to epithermal electrons (0.1 to 100 ev).
Neutron devices can be described by the type of radiation that causes most of the measured response. Neutron-
gamma logs detect primarily gamma photons resulting from neutron reactions. Neutron-thermal-neutron probes
respond mainly to thermal neutrons (<0.25 ev), and neutron-epithermal-neutron probes respond chiefly to
neutrons between 0.1 and 100 ev. Figures 3-1a and 3-1b illustrate neutron logs for sedimentary and crystalline
rocks. Neutron attenuation is a different technique similar to gamma attenuation (Section 3.3.2), but requires
high neutron fluxes not readily available outside of a reactor facility, and is consequently not practical for field
use (Gardner, 1986). '

Method Selection Considerations: Advantages: (1) Rapid method of measuring soil moisture that is largely
independent of temperature and pressure; (2) average moisture contents can be determined with depth; (3) the
system can be interfaced to accommodate automatic recording; (4) temporal soil moisture changes can be easily
monitored; (5) rapid changes in soil moisture can be detected; (6) readings are directly related to soil moisture;
(7) measurements can be made repeatedly at the same site; (8) measurements are nondestructive once access
tubes are installed; (9) can be used under almost any borehole conditions; and (10) moisture can be measured
regardless of its physical state. Disadvantages: (1) Inadequate depth resolution makes measurement of absolute
soil moisture content difficult and limits its use in studying evaporation, infiltration, percolation, and placement
of the phreatic water surface; (2) the moisture measurement depends on many physical and chemical properties
of the soil which are, in themselves, difficult to measure; (3) radioactive sources require special care in handling
for health and safety reasons; (4) the sphere of influence of depth probes does not allow accurate measurements
of soil water at or near the soil surface, unless special instruments designed specifically for use on the soil surface
are used; (5) boron, cadmium, chloride, hydrocarbons, and other fast neutron moderators can interfere with
moisture determinations; (6) difficult to define horizontal distribution of water since moisture close to the
neutron source has a more pronounced effect on counting rate than pore water at a greater distance; (7) might
not be accurate enough to detect slight water content changes in the dry range to infer water movement; (8) less
accurate for monitoring water movement than measurement of matric potential heads, especially when water flow
is in channels that transmit water without detectable changes in water content; and (9) chemical might cause
deterioration of some access tubes (e.g., aluminum).

Frequency of Use: Most commonly used nuclear method for measurement of soil moisture.

Standard Methods/Guidelines: API (1974), ASTM (1988, 1992), Gardner (1986).

Sources for Additional Information: Ground-water texts covering the method: Brown et al. (1983), Driscoll
(1986), Keys (1990), Keys and MacCary (1971), Redwine et al. (1985), Rehm et al. (1985), Respold (1989),
Thompson et al. (1989), U.S. EPA (1992), Wheatcraft (1986); Vadose zone/soil moisture: Bouwer and Jackson
(1974), Brakensiek et al. (1979), Everett et al. (1983), Gairon and Hadas (1973), Hendrickx (1990), Hillel (1971),
Holmes et al. (1967), Morrison (1983), Schmugge et al. (1980), Wilson (1980, 1981). See also, reports and other
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.3 NUCLEAR BOREHOLE LOGGING
3.3.4 Gamma-Spectrometry

Other Names Used to Describe Method: Spectral-gamma log, spectra-gamma log, spectro-gammalog, spectromic-
gamma log.

Uses at Contaminated Sites: Performing lithology and stratigraphic correlation; identifying artificial radlolsotope
contaminants in the subsurface.

Method Description: A spectral-gamma probe is similar to a gamma probe except that a channel analyzer with
a variable threshold or "window" adjustment is used, which allows adjustment of the energy range of pulses to
be recorded per unit time on the log. Figure 3.3.4 shows the gamma spectra of potassium, uranium, and thorium.
Recording all pulses between thresholds A and B in this figure gives a value that is related to the potassium-40
content, if uranium and thorium contributions are removed. Similarly, the count rate between thresholds B and
C are primarily related to uranium, and the count rate above threshold Cis related to thorium. The amount and
energy level of gamma photons can be recorded on either a continuous log or at selected depths with a
stationary probe.

Method Selection Considerations: Advantages: (1) Gamma spectrometry allows more precise identification of
lithology than a regular gamma log (Section 3.3.1); (2) types and amounts of radioisotopes can be measured; and
(3) involves radiation detection only, so no radioactive sources required for the instrumentation. Disadvantages:
(1) Equipment is expensive; and (2) substantial errors in quantitative results are common because of the
complexity of the real-time calculations to produce a spectral log.

Frequency of Use: Widely used in the petroleum mdustry and should probably be used more frequently in
ground-water investigations.

Standard Methods/Guidelines: --

Sources for Additional Information: Adams and Gasparini (1970), Keys (1990), Keys and MacCary (1971), Rider
(1986), Schiumberger (1989b), Schneider (1982), Serra (1984a), U.S. EPA (1992).
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.3 NUCLEAR BOREHOLE LOGGING
3.3.5 Neutron Activation

Other Names Used to Describe Method: Activation, cyclic activation tool.

Uses at Contaminated Sites: Performing remote identification of elements present in the ground-water and
. adjacent rocks; detecting flow of fluids behind casing,.

Method Description: Uses neutrons to "activate" stable isotopes in the borehole and identify the activated
element by measuring the amount and energy level of emissions (see gamma spectroscopy, Section 3.3.4). A
large number of elements can be detected with this method, with sensitivities ranging from parts per million to
percentage levels, depending on the element (Figure 3.3.5). A procedure similar to the neutron activation
borehole technique (Section 3.3.5) has been used at the surface to determine cement content in soil-cement
mixtures and concrete (Iddings et al., 1979).

Method Selection Considerations: Advantages: (1) Can be used in a wide variety of borehole conditions; (2) the
same probe can be used to create a standard gamma log and for neutron thermalization measurements; (3) semi-
quantitative analysis of major elements is possible; (4) measuring variations in the concentration of aluminum
provides information on clay content; and (5) carbon-to-oxygen ratios and silicon-to-calcium ratios from neutron
activation logs can be interpreted in terms of lithology and in-situ hydrocarbons. Disadvantages: (1)
Instrumentation is complex; (2) larger neutron source is required compared to conventional neutron logging in
order to keep neutron activation time within practical limits; (3) radioactive sources require special care in
handling for health and safety reasons and generally limits use to deep boreholes (a neutron generator has the
advantage of emitting no radioactivity when it is turned off); (4) equipment might not be readily available; (5)
quantitative analysis is not likely to be as accurate as laboratory analysis using the same technique; and (6)
logging slow if neutron source is weak or elements of interest require a long activation time.

Erequency of Use: Relatively new method with potential for wide application in ground-water hydrology.

Standard Methods/Guidelines: ~-
Sources for Additional Information: Keys (1990), Schneider (1982), Serra (1984a), U.S. EPA (1992).
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3. GEOPHYSICAL LOGGING OF BOREHOLES

3.3 NUCLEAR BOREHOLE LOGGING

3.3.6 Neutron Lifetime

Other Names Used to Describe Method: Pulsed-neutron decay, pulsed-neutron lifetime log.

Uses at Contaminated Sites: Measuring salinity and porosity; detecting flow of fluids behind casing,

Method Description: A variant of the neutron activation technique, which uses a pulsed-neutron generator and
a synchronously gated neutron detector to measure the rate of decrease of the neutron population. The rate of
neutron decay is greatly affected by the chlorine concentration, providing a measurement of salinity and porosity
similar to resistivity logs. This method also can be used to detect flowing water behind casings as part of
mechanical integrity testing. In this application, neutrons interact with oxygen nuclei in the water to produce
nitrogen-16, which decays with a half-life of 7.13 seconds, emitting gamma radiation. If water is flowing behind
the casing, the flow can be calculated from the energy and intensity response of two gamma ray detectors
mounted in the logging probe. Thomhill and Benefield (1990) describe use of a neutron lifetime logs with
packers in EPA’s leak test well near Ada, Oklahoma.

Method Selectlon Consxderatlons Advantages: (1) Borehole effects can be greatly decreased compared to
conventional neutron logs by delaying the measuring gate; (2) can provide useful data through casing and cement;
and (3) neutron generator does not emit radiation when it is turned off. Disadvantages: (1) More expensive than
conventional neutron log; (2) equipment availability might be a problem; and (3) radioactive sources requires
special care in handling for health and safety reasons and generally limits use to deep boreholes.

Frequency of Use: Used by petroleum industry to distinguish between oil, gas,'and saltwater in cased wells; use
to date in ground-water investigations has been limited.

Standard Methods/Guidelines: --

Sources for Additional Information: Dresser Atlas (1974), Keys (1990), Schlumberger (1989b), Serra (1984a),
Thornhill and Benefield (1990), U.S. EPA (1992).
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.4 'ACOUSTIC AND SEISMIC LOGGING
3.4.1 Acoustic-Velocity (Sonic)

Other Names Used to Describe Method: Acoustic log, sonic log, transmit time log.

Uses at Contaminated Sites: Performing lithologic characterization; measuring porosity.

Method Description: An acoustic-velocity probe records the travel time of an acoustic wave from one or more
transmitters to receivers in the probe. Two general types of measurements can be made in acoustic logging: (1)
Interval transit time, which is the reciprocal of velocity, and (2) amplitude, which is the reciprocal of attenuation.
Single- and two-receiver probes (Figure 3.4.1a) provide uncompensated logs, which are prone to errors resulting
from tilting of the probe or variations in borehole diameter (Figure 3.4.1b). Compensated acoustic logs require
a probe with two transmitters and two or four receivers, which allow identification of variations in borehole
diameter by analyzing different arrival times of the two separate pulses at the two receivers (Figure 3.4.1c).
Figures 3-1a and 3-1b illustrate acoustic-velocity logs for sedimentary and crystalline rocks.

Method Selection Considerations: Advantages: (1) Compensated logs provide useful information on secondary
porosity in consolidated rock; and (2) formation porosity can be calculated if the velocity of the rock matrix and
pore liquids is known; Disadvantages: (1) Difficult to obtain good results in unconsolidated materials that have
low velocities; (2) requires fluid-filled boreholes; (3) cycle skipping can result from excessive attenuation by the
fluid, the formation (deep fractures), or by equipment malfunction; and (4) variability in environmental factors
affecting the transmission and attenuation of elastic waves make interpretation of logs difficult.

Frequency of Use: Beginning to be more widely used in ground-water studies.

Standard Methods/Guidelines: --

Sources for Additional Information: Brown et al. (1983), Driscoll (1986), Everett (1985), Guyod and Shane
(1969), Keys (1990), Keys and MacCary (1971), Rehm et al. (1985), Respold (1989), Thombhill and Benefield
(1990), U.S. EPA (1992), Wheatcraft et al. (1986); Acoustic logging texts: Guyod and Shane (1969), Paillet and
Cheng (1991), SPWLA (1978b). Most of the general borehole logging texts indexed in Table 3-3 cover acoustic

logs.
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.4 ACOUSTIC AND SEISMIC LOGGING
3.4.2 Acoustic-Waveform

Other Names Used to Describe Method: Variable density, three-dimensional velocity, 3-D velocity.

Uses at Contaminated Sites: Providing information on lithology and structure; measuring elastic properties
(vertical compressibility of an aquifer, prediction of subsidence and fracturing characteristics); characterizing
fracture permeability; interpreting cement bond logs.

Method Description: An acoustic-waveform probe includes an acoustic signal transmitter and a receiver (Figure ‘

3.4.2a), which is sensitive to the complete acoustic wave train (compressional, shear, and boundary or surface
waves). These waves are recorded photographically using an oscilloscope display (Figure 3.4.2b) or are recorded
digitally (Figure 3.4.2c). Various interpretations can be made from analysis of amplitude changes and velocity
ratios of the wave forms.

Method Selection Considerations: Advantages: (1) One of the few down-hole methods the provides a complete
record of the acoustic wave train so its greatest value is in situations where measurement of elastic properties
is required (aquifer compressibility, and subsidence prediction); and (2) acoustic-waveform logs are required for
accurate interpretation of some cement bond logs (acoustic-waveform logs for this purpose do not give
comparable information to 3-D velocity logs). Disadvantages: (1) Limited to consolidated materials in fluid-filled
boreholes; (2) other methods are probably better if the primary interest is in porosity or secondary permeability
(see Table 3-2); and (3) tilting of the probe or irregular surfaces on the borehole will cause errors in the
measured transit time of the compressional wave (see discussion of compensated and uncompensated acoustic
logs [Section 3.4.1]).

Frequency of Use: Not yet widely used in hydrogeologic studies, but has considerable potential for uses
described above. ' :

Standard Methods/Guidelines: --

Sources_for Additional Information: Everett (1985), Guyod and Shane (1969), Keys (1990), Thornhill and
Benefield (1990), U.S. EPA (1992). See also, acoustic logging texts identified in Section 3.4.1. Most of the
general borehole logging texts indexed in Table 3-3 cover acoustic waveform logs.
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Figure 3.4.2 Acoustic-waveform (3-D velocity) logging system (Hamilton and Myung, 1979).
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.4 ACOUSTIC AND SEISMIC LOGGING
3.4.3 Acoustic Televiewer*

Other Names Used to Describe Method: ATV probe, borehole televiewer, seismic televiewer, acoustical
seisviewer.

Uses at Contaminated Sites: Characterizing fractures and solution openings; measuring strike and dip of
fractures and bedding planes.

Method Description: An ATV probe uses a rotating transducer that serves as both transmitter and receiver of
high-frequency acoustic pulses. An oscilloscope and light sensitive paper are used to create a 360 degree scan
of the borehole wall and provide high-resolution images of fractures and solution openings. Figure 3.4.3 shows
how a dipping fracture that intersects a borehole appears on an ATV scan. A flux-gate magnetometer mounted
on the vertical axis of the probe senses the earth’s magnetic field and indicates the orientation of features on the

log (Figure 3.4.3).

Method Selection Considerations: Advantages: Excellent method for characterizing secondary porosity (fractures
and solution features). Disadvantages: (1) Equipment is complex and expensive; (2) requires experienced
operator; (3) logging speed for high resolution is slow (about 5 feet/min.), creating excessively long logging runs
for deep wells; and (4) viscous drilling fluids and oblong or over-gage borehole diameters attenuate the signal.

Frequency of Use: Uncommon in ground-water sti;dies because of cost and complexity.

Standard Methods/Guidelines: --

Sources for Additional Information: Everett (1985), Guyod and Shane (1969), Hamilton and Myung (1979), Keys
(1990), Serra (1984a), U.S. EPA (1992). ) :

*The term televiewer also is sometimes used for borehole television, so care should be used when running across
this term to determine what type of instrument is being referred to.

3-44




TELEVIEWER

DIP ANGLE]

TR

1 ! 1

N
MAGNETIC ORIENTATION

Figure 3.4.3 Three-dimensional view of a fracture intersecting a borehole and appearance of the same fracture on an
acoustic televiewer log (Keys, 1990).
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3. GEOPHYSICAL LOGGING OF BOREHOLES

3.4 ACOUSTIC AND SEISMIC LOGGING

3.4.4 Surface-Borehole Seismic Methods

Other Names Used to Describe Method: Vertical seismic profiling (VSP); downhole/uphole methods.

Uses at Contaminated Sites: VSP: Detecting isolated inclusions, lithologic boundaries, and homogencous areas;
detectiing fractures; estimating permeability and hydraulic conductivity. Downhole/uphole: Measuring soil
stiffness and stress-strain properties affecting site response to earthquakes. ‘

Method Description: Seismic borehole surveys measure the velocities of compressional (F) waves (see Section
1.4.1) and shear (S) waves (see Section 1.4.4) at various depths below the ground surface. P- and S-wave
velocities are used to calculate dynamic soil and rock properties such as: (1) Shear modulus, (2) Young’s
modulus, (3) bulk modulus, and (4) Poisson’s ratio. VSP: Principles are the same as for surface seismic
refraction and reflection (Sections 1.4.1 and 1.4.2). Geophone arrays are placed vertically in one or two
boreholes, and arrival times of seismic waves from a surface source are measured (Figure 3.4.4a). When the
primary seismic energy waves intersect a fluid-filled fracture zone, part of the energy is reflected back to the
surface and a secondary seismic wave is created in the fluid. This secondary wave travels in the fluid along the
fracture, and if the fracture intersects the borehole, a tube wave is created in water in the borehole (Figure
3.4.42). VSP also can be used as a cross borehole method (Section 3.4.6). - Downhole/uphole methods:
Downhole measurement of P-wave (compressional) and S-wave (shear) velocities are made using a fixed surface
source and string of geophones placed in a borehole (Figure 3.4.4b) or a single downhole triaxial sensor that is
moved to various measurement depths within the borehole (usually 5 to 10 foot increments). In uphole
measurement, the positions of the source and seismometer/geophone array are interchanged (Figure 3.4.4¢). A
variant of the downhole method is to use a seismic cone penetrometer (Figure 3.4.4d). In this test a cone
penetrometer containing a triaxial receiver system is pushed into the soil. Seismic shear waves are generated at
the surface in the vicinity of the cone and wave velocities and moduli are inferred from the travel times of the
waves between the source and the cone. See Section 2.2.2 for additional information on cone penetrometers.

Method _Selection Considerations: VSP Advaxitages: Use of VSP in conjunction with surface seismic
measurements allows more accurate three-dimensional interpretation of seismic data. VSP Disadvantages: (1)
Equipment is more complicated to set up than-surface seismic methods; and (2) equipment might be less readily

available than surface seismic instrumentation. Downhole/Uphole Advantages: (1) Provides higher resolution of -

subsurface layers of soil and rock for the area surrounding a borehole than is possible with a surface refraction
survey; (2) especially good at detecting thin layers or a low velocity layer beneath a higher velocity layer; and (3)

simpler than the crosshole seismic shear method. Downhole/Uphole Disadvantages: Less accurate than cross

borehole seismic methods (uncertainties in compressional and shear wave velocities can be 10 to 20 percent).
Seismic Cone Penetrometer Advantages: (1) Does not require drilling of a borehole; (2) cone penetrometer rigs
also can be used for stratigraphic testing (see Section 2.2.2) and soil-gas/ground-water sampling (see Section
55.2). : o

Frequency of Use: VSP has been reported at several sites with sufficient success to probably justify more
widespread use of this method. Downhole/uphole methods are used routinely in geotechnical investigations to
determine soil stiffness, and are commonly used to augment data from surface seismic surveys. Seismic cone
penetrometers are commonly used in geotechnical investigations and the versatility of cone penetration rigs has
resulted in increased use in contaminant site investigations (see Section 2.2.2).

Standard Methods/Guidelines: --

Sources for Additional Information: VSP texts: Balch and Lee (1984), Gal’perin (1974), Hardage (1985), Toksoz
and Stewart (1984); VSP (other): Labo (1987), Redwine et al. (1985), Schlumberger (19892), Serra (1984a), U.s.
EPA (1992); Downhole/uphole: CH2M Hill (1991), Redwine et al. (1985); Seismic cone penetrometer: CH2M
Hill (1991), Robertson et al. (1986).
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.4 ACOUSTIC AND SEISMIC LOGGING
3.4.5 Geophysical Diffraction Tomography

Other Names Used to Describe Method: GDT, vaﬁable density acoustic tomography, seismic tomography.

Uses at Contaminated Sites: Obtaining high resolution subsurface cross-sectional images for identification of
buried objects, define clean areas, and stratigraphic mapping.

Method Description: The field layout for geophysical diffraction tomography is similar to that for vertical seismic
profiling. Typically, a hydrophone array is placed down a borehole with a seismic source at the surface, but
cross-borehole and surface-to-two-borehole configurations also are possible (Figure 3.4.5a). The seismic source
is typically an acoustic gun that is moved along a line on the ground surface and fired at fixed intervals (3.4.5b).
GDT differs from other seismic method in the way seismic signals are used and how the data received by the
hydrophones is processed (Figure 3.4.5c). GDT is a form of analysis of wave motion similar to that used for CT
scanners in medicine (see also, Section 6.2.7 for use of CT methods for soil moisture measurement). Imaging
algorithms are able to analyze the diffraction of waves caused by inhomogeneities and to create a high resolution
cross-sectional image of the transect across which the acoustic gun is moved. Objects in the soil as small as about
1 foot in diameter can be located with a 2-foot seismic source spacing on the transect. Figure 3.4.5d shows a
source-receiver configuration using both simultaneous surface and borehole seismic signals.

Method Selection Considerations: Advantages: (1) Relatively new method that shows great promise for high
resolution imaging of buried wastes; and (2) might provide results when conventional surface geophysical
methods are not working well due to unfavorable site conditions. Disadvantages: (1) New technique with limited
operational and field experience; and (2) equipment and personnel familiar with procedures for data collection
and analysis might not be available.

Frequency of Use: Limited use to date, but good potential for wider application.

Standard Methods/Guidelines: --

Sources for Additional Information: Anderson and Dziewinski (1984), Mahannah et al. (1988), U.S. EPA (1992).
See also, texts on borehole imaging and tomography indexed in Table 3-3.
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3. GEOPHYSICAL LOGGING OF BOREHOLES

3.4 ACOUSTIC AND SEISMIC LOGGING

3.4.6 Cross-Borehole Seismic Methods

Other Names Used to Describe Method: Cross-borehole shear, crosshole vertical seismic profiling (VSP).
Uses at Contaminated Sites: Evaluating stratigraphy and porosity; detecting cavities, open fractures, zones of

weakness, and other discontinuities; measuring dynamic moduli for safety evaluations of major structures, such
as dams; designing vibration-sensitive engineered structures.

. Method Description: Crosshole seismic shear: An energy source is placed in one borehole and geophones are
placed in nearby borings at the same depth (Figure 3.4.6). Typically, three boreholes separated by 3 to 5 meters
in line with a seismic source borehole are used. Borehole deviation surveys (Section 3.6.3) are required within
each drill hole to determine accurate distances between boreholes at all depths. 3-D velocity transducers are
wedged in at the same elevation in each borehole and arrival times of both P-and S- waves from the subsurface
seismic source are measured. Repeated measurements at different levels in the boreholes allow development
of shear wave velocity profiles using the travel time of first arrivals (direct-wave arrival) and the result of the
borehole deviation data. Crosshole VSP: Similar to surface-borehole vertical seismic profiling (Section 3.4.4),
except that the seismic source is used to generate seismic waves in a borehole.

Method Selection Considerations: Crosshole Seismic Shear Advantages: (1) Most reliable method for in situ
measurement of shear wave velocity because of the small height of soil sampled at each depth; (2) very little
interpretation of field data is required because the travel path of the seismic signal is predominantly horizontal.
Crosshole Seismic Shear Disadvantages: Complicated to set up. Crosshole VSP: Similar to advantages and
disadvantages discussed in Section 3.4.4. :

Frequency of Use: Use in geotechnical investigations is well established; has been infrequently used at
contaminated sites. ‘

Standard Methods/Guidelines: ASTM (1991c).

Sources for Additional Information: Butler and Curro (1981), CH2M Hill (1991), Gal’perin (1974), Redwine et
al. (1985), U.S. EPA (1992), Wheatcraft et al. (1986).
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3. GEOPHYSICAL LOGGING OF BOREHOLES.
3.5 MISCELLANEOUS BOREHOLE LOGGING
35.1 Caliper

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Obtaining information on borehole configuration, lithology, and secondary porosity
(fracture and solution zones); correlating with other geophysical logs; approximating estimates of mudcake
thickness.

Method Description: Caliper logs are made by a probe that measures borehole diameter. Many types are
available, including mechanical, electric, and acoustic. Mechanical caliper tools are the most common type and
logs are made by first lowering the device to the hole’s bottom ‘with the arms resting against the body of the

robe. The arms are opened, usually with an electric motor, and the probe, with the arms touching the sides
of the borehole, is raised. Deflections of the arms are transmitted to the precision potentiometer and the signal
passed to the surface over the cable. Mechanical caliper tools have from one to six arms and can measure
variations as small as 1/4 inch in borehole diameter. Figure 3.5.1illustrates a three-arm caliper probe, and Figure
3-1 shows caliper logs for holes in sedimentary rocks with decreasing hole diameter (Figure 3-1a) and fractured
crystalline rock (Figure 3-1b).

Method_Selection_Considerations: Advantages: (1) Caliper logs are an essential complement to guide the
interpretation of other types of logs that are affected by borehole diameter (gamma, gamma-gamma, resistivity,
self potential, and flowmeters); (2) equipment is readily available; and (3) interpretation is easy (diameter can
be read directly from the log). Disadvantages: (1) Failure to center properly in holes that are as little a few
degrees off from vertical can result in erroneous readings (diameter less than it actually is); and (2) special types
are required for measuring diameter of inclined or horizontal boreholes :

Frequency of Use: Commonly used in conjunction with other logging methods.

Standard Methods/Guidelines: -~

Sources for Additional Information: Brown et al. (1983), Bureau of Reclamation (1981), Driscoll (1986), Everett
(1985), Keys (1990), Keys and MacCary (1971), Redwine et al. (1985), Respold (1989), U.S. EPA (1992). Most
of the general borehole logging texts indexed in Table 3-3 cover caliper logs.
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Figure 3.5.1 Three-arm caliper probe (Respold, 1989, by permission).
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3. GEOPHYSICAL LOGGING OF BOREHOLES
3.5 MISCELLANEOUS BOREHOLE LOGGING
3.5.2 Temperature Logs

Other Names Used to Describe Method: Differential temperature log, radial differential temperature (RDT)
survey.

Uses at Contaminated Sites: Detecting contaminant plumes (where temperature differs from the natural ground-
water); obtaining information on movement of natural or injected water, permeability distribution, and relative
hydraulic head; locating fracture/solution zones; monitoring infiltration/ground-water recharge; locating cement
grout; detecting gas leaking into a well.

Method Description: A temperature log records temperature versus depth with a temperature sensor, usually
a thermistor (Section 8.2.2) mounted inside a cage or tube to protect it and to channel the fluid past the sensor.
Temperature logs taken in an open borehole, at time intervals after drilling has stopped, often provide an
indication of the location of permeable strata (Figure 3.5.2). Temperature logs often are made in combination
with fluid conductivity logs (see Section 3.1.3 and Figure 5.5.4). In bedrock open-hole wells, changes in slope
can indicate inflow or outflow. Isothermal slopes indicates borehole flow between fractures under different
pressure heads. In the absence of borehole flow, the temperature approaches the geothermal gradient (Williams
and Conger, 1990). A differential-temperature log records the rate of change in temperature versus depth and
can be obtained by computer calculation from a temperature log or by using a specially designed logging probe
with either two sensors with a vertical spacing, or one sensor and an electronic memory that compares the
temperature at one time with selected previous times. A radial differential temperature tool uses two highly
sensitive temperature probes that extend from the probe to contact the casing. As the probes are rotated, they
measure any difference in temperature at two points on the casing 180 degrees apart and can detect cooler water
flowing behind a casing that has not been properly sealed.

Method Selection Considerations: Advantages: (1) Equipment is widely available; (2) rapid and inexpensive
technique; (3) a differential-temperature log is more sensitive to changes in temperature gradient; and (4)
interpretation is relatively straightforward. Disadvantages: (1) Temperature recorded is only that of the fluid
" surrounding the sensor, which might not be representative of the surrounding rocks due to disturbance by drilling,
cementing and testing; and (2) thermal lag, self-heating, and drift of electronics might affect accuracy of readings.

Frequency of Use: Widely used in ground-water studies.

Standard Methods/Guidelines: Stevens et al. (1975).

Sources for Additional Information: Brown et al. (1983), Bureau of Reclamation (1981), Driscoll (1986), Everett
(1985), Keys (1990), Keys and MacCary (1971), Redwine et al. (1985), Respold (1989), Thornhill and Benefield
(1990), U.S. EPA (1992), Wheatcraft et al. (1986). See also, Section 1.6.2 and related references indexed in
Table 1-5.
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Figure 3.52 Temperature log showing water-bearing sands: Curve 1, immediately after stopping mud circulation;
Curve 2, a few hours later; Curve 3, a few days later (Brown et al., 1983).
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3. GEOPHYSICAL LOGGING OF BOREHOLES

3.5 MISCELLANEOUS BOREHOLE LOGGING

3.5.3 Mechanical Flowmeter

Other Names Used to Describe Method: Current ﬂowmetef, impeller flowmeter, spinner log.

Uses at Contaminated Sites: Measuring vertical flow in boreholes; locating intervals of leakage in artesian wells;
identifying fractures or permeable zones producing and accepting water.

Method Description: Various designs have been developed. Most use a lightweight, three- or four-bladed
impeller mounted on a shaft that rotates a magnet mounted on the same shaft (Figure 3.5.3a). The magnet
actuates a switch, which generates electric signals that record the number of rotations of the impeller.
Calibration of the instrument allows caleulation of velocity of flow, and when combined with cross-sectional area,
the amount of flow. Mechanical flowmeters usually required flow rates of at least 4 feet/minute, but velocities
as low as 2 feet/minute can sometime be measured. Mechanical flowmeters can require pumping of the well to
increase the flow rate sufficiently to identify zones of higher permeability (Figure 3.5.3b).

Method Selection Considerations: Advantages: Equipment is relatively inexpensive and readily available.
Disadvantages: (1) Generally require larger diameter boreholes than other thermal and electromagnetic
flowmeters (see next sections); (2) limited to measuring vertical flow; (3) the magnet and switch are placed in
an oil-filled housing that create the possibility of contaminating monitoring-wells (minor consideration); and (4)
turbulent flow near zones of high transmissivity can cause erratic response, reducing the accuracy of permeability
calculations.

Frequency of Use: Commonly used in the water well industry.

Standard Methods/Guidelines: --

Sources for Additional Information: Brown et al. (1983), Driscoll (1986), Everett (1985), Hess and Wolf (1991),
Keys (1990), Keys and MacCary (1971), Respold (1989), Schlumberger (1989b), U.S. EPA (1992).
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Figure 3.5.3 TImpeller flowmeter: (a) Probe (b) Effect of puniping on flow from fracture zones on an impeller
flowmeter log (Respold, 1989, by permission).
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3. GEOPHYSICAL LOGGING OF BOREHOLES

3.5 MISCELLANEOUS BOREHOLE LOGGING

3.5.4 Thermal Flowmeter

Other Names Used to Describe Method: Heat-pulse flowmeter.

Uses_at Contaminated Sites: Measuring vertical andfor horizontal flow (depending on the instrument) in

boreholes; locating intervals of leakage in artesian wells; identifying fractures and zones of high permeability
producing and accepting water for characterization of spatial variability of the subsurface.

Method Description: Water passing through the flowmeter is suddenly heated and the time it takes the pulse of
heated water to pass thermistors that are located either above or below the heat source (vertical flow, Figure
3.5.4a), or horizontal to the source (lateral flow), is recorded. When used with a packer and pump that
concentrates flow, measurements at different levels in a borehole allow characterization of vertical changes in
relative permeability in consolidated material and detection of fracture zones in boreholes in bedrock (Figure
3.5.4b). :

Method Selection Considerations: Advantages: (1) More sensitive than mechanical flowmeters (able to measure
vertical velocities as low as 0.1 feet/minute); (2) can measure either vertical or horizontal flow; (3) relatively
recent refinements have made them the flowmeter of choice in most situations. Disadvantages: Channelizing
of flow near slotted casing can give misleading readings. ‘

Frequency of Use: Common. Although relatively recent, they have gained rapid acceptance.

Standard Methods/Guidelines: --

Sources for Additional Information: Keys (1990), Keys and MacCary (1971), Molz et al. (1990), U.S. EPA (1992-
18 references on thermal flowmeters), Wheatcraft et al. (